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Superconductivity and partial violation of spin correlation in electron stripes
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We examine the electronic state of the electron stripe which can be realized to stabilize local polarization
mainly caused by the ion displacement in thaxis direction. In an undoped state, the electrons in the ground
state are well localized to form a 2D electron-hole lattice with an antiferromagf#gficorder in the stripe
direction. From the stability of the elementary excitation of the electron stripe, the lattice constant in the stripe
direction,D,, is restricted as 6 £D,=<8 A. Upon doping carriers, when the AF state is partially violated
due to the transfethopping of the localized charges, the lower boundlg tends to be reduced to around 4
A . Given the superconductivitySC) mediated through the interaction with the elementary excitation of the
electron stripe, the optimal transition temperatligecan be written a3 .~ c/Dg/z, wherec is some structure-
dependent constant. If the electron stripe exists in layered cuprates, wiesround 100 K(4 A)%? it is
found that SC withT, of order 100 K can be realized.
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[. INTRODUCTION lation should be partially violated due to the transfer
hopping of the localized charges along the stripe, the lower

The interplay of the electron stripe, which has been obbound toD, tends to be reduced to around 4 A. If the elec-
served on the CuPplane in layered cupratés® with high-  tron stripe exists in layered cuprates, where-100 K
T, superconductivitfSC) has been extensively discusded. - (4 A)%? itis found that SC withT, of order 100 K can be
The electron stripe, which is a 1D charge ordered state, frerealized.
quently showgfluctuating antiferromagnetidAF) correla-
tion. From a theoretical point of view, the stripe formation
has been examined, based mostly on(theéended Hubbard
modeP~1° or on the spin-fermion modét. We begin with the model HamiltoniaH which is com-

On the other hand, the electron stripe accompanies the igmosed of three parts: the elastic energy due to the ion dis-
displacement mainly in the axis direction, due to the placement in the axis direction, the electrothole) kinetic
c-direction electric field generated by the electron stripeenergy, and the Coulomb potential between the neutralization
Conversely speaking, the electron stripe can be realized toharges(electrons and hol¢sand the polarization charges
stabilize local polarization caused by the ion displacement, o;(x;,x,) caused by the ion displacement and between
provided that the chemical potential for the stripe formationthemselves, namef¥,
should be less than about 1 &\A relevant work emphasiz-
ing the role of local polarization in the stripe formation has 1
also been found in Ref. 14. Compared to teetendedl Hub- H=> > Kif [7i(X1,X2) 1°d X, d X,
bard model, the above stripe-polarization model has fewer '
parametergessentially one parameter in the ground stede 42
be regarded as more simple to understand. T om. 2 f YL V2,(x)d3x

It seem natural to examine the possibility of high-SC
based on the stripe-polarization model. If we assume that SC e2
can be realized through the interaction with the elementary + ?f nO)U G x )N (x"):d3xd3x’, (1)
excitation of the electron stripe, the optimal can be writ-

;[jen as'(lj'_c~c/D§’;, WhereclandDa represden:] son|1e consranjt where the summation over extends to all ions within a
epending on the crystal structure and the electron lattice; (tot) () —
constant in the stripe direction, respectivElyerom this re- §|ngile’ Ia_yer, n_ ,(X) 2i01(x1,%2) 5(X3)2+2“¢ (e,
lation, we are tempted to derive the lower boundtpso as U().(’X )._1/|X X', and «;=(k /e J(VTIS) with ki the
to est,imate the upper bound Tq . Different from the lattice c-direction force constant of theth ion, e the effectlve
constantD, perpendicular to thé stripe directioD,, is ex- chargeV the layer volume, anGthe area of the Cugplane.
b PErP P 2 By using the Slater determinant for tiparticle state

perimentally difficult to estimate, due to not only the small- and by eliminatings (x,,,) from the stability condition of

ness of the charge_modulatlon but also tpartial) violation a(H) dor(x,,%,) =0, the expectation value dfi can be
of the spin correlation. written as

The aim of this article is, based on the stripe-polarization
model, to estimate the lower bound By, by examining the
electronic state of the electron stripe. In an undoped state, the, R + B 1E o
electron stripe shows an AF order in the stripe direction, with (H)= 2 (eilKler) 2 (el Dilen —(eilEijle;)]

6 A<D,=<8 A. Upon doping carriers, when the AF corre- 2

Il. ELECTRON STRIPE
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where <x|R|x’>= —h21(2m)- 8(x—x')V?, (xlﬁijlx’> pbtained in the tight-t.)in.ding limit. Fur.thermore for simplic-
—eej(X|@)[U(x—x")—(1— 7(9|x3\)_1U(X+—XL)]<<PJ|X'>, ity, we adopt the variational method instead of solving the
N ) , ) _, corresponding Hartree—Fock equation directly.

and <x|Eijo1>—eiej<x| eHUX=X")(gilx"), with vy If the electrons and holes are well localized, the trial

=21 ey ) = 9l 9]Xa], andx. = (xq, Xz, £[X3]). function of (x|¢;) can be written using a Gaussian
Assuming the translation invariance of the correspondingorm as  (x|¢;)— ¢(X1—i1D,,X,—i,Dy,X3), where

Hartree—Fock equation undef—x; +D,X;—X,+ Dy, we GD(X)ZHﬁ:l%n(Xn) with ¢An(Xn)=eXﬁ—(Xn/2An)2]/

can obtain two states: an itinerant state and a well Iocallzed(zw) A~ HereA(n=1,2,3) is a variational parameter to

one. In general, the mixed phase of the itinera_nt 3”0' chalbe derived from the stability condition @{H)/9A,=0. In
ized states cannot be allowed under the translation invaranGgic ase the spin state of thi {i,)-site electror‘(cn)r hole
] 2)" ]

of the Hartree—Fock equation. However, in the stripe con- enoted by|a, ; ), is restricted from the orthogonality of
figuration, where the localized electrons and holes are equdl 112/

in number, the mixed phase is compatible with the translal®i)- FOr 2A1(=2A;)~D,<Dy,, where the overlap of the
tion invariance"’ This can be understood by considering thatWave function cannot be neglected in the stripe direction, it
the Coulomb interaction of the itinerant charge with the lo-'S required that o .1 o| o7 o) =0, which from the translation
calized electron cancels out that with the localized hole. Herdvariance indicates the antiferromagne#é-) configuration

it should be noticed that not all the charge configurationdn the stripe direction.

such that the localized electrons and holes are equal in num- NOW we evaluatgH) in the AF state:

ber can be realized. Consider, for example, the checkerboard

configuration, where the localized electrons and holes are (H)—=(H)ar=N(Kar+Dar—Eap), 4
alternately aligned in thg,; andx, axis directions. From the
stability condition of 9(H(Y)/9D;=0 (i=a,b), where
HO©=H— 43 !, , with u the chemical potential, it has
been found that this configuration cannot be allowethis
can be understood as follows. Rewriting the stability condi
tion as Ey=3;_,,Di(dE/dD;), where Eq=(H)/N,
with N the total lattice number, and using,=const.
+a/D3+b/D3+ (higher order terms), whera,b<<0 due to

where Kag, Dap, and Exp correspond to the terms pro-
portional toK, D;;, andE;;, respectively. Substituting the
trial function into Eg. (2), we obtain Ka=[A?/
(8m)]=3_,(1/A2%), andD ¢ using the Poisson’s summation
formula: =,f(n)=2,ff(k)exp(2rikn)dk as Dar=(e?/
2)2 1 mDnm, WhereD,, is given by(see Appendix

: : : 27 elen(d3-AD+a (A9
the attractiveness between the lattice, we find Bgt-0. N S X | erfd ynmAs)
This is inappropriate due to the positiveness of the total en- ~ "™ D_,Dy Yom Yo
ergy despite the magnitude pf.
_ Thu_s in the foII_owing, we deal with only the _stripe con- 1 "rfcz( 'ynmA3> 5
figuration. Since in the mixed phase the localized and the 1+ YYom. 2 '

itinerant states can be treated independently, we concentrate
on (tjhe elee(ctronic staLe Icf>fft|:1e Io?alized <I:ha;ges. In the |?Cal\7vith an=2mn/Dy, Bm=(1+2m)w/Dy,, and yum
ized state(assuming half filling, for simplicity, it is natural _ 2>

that the localized glectrons gnd holespshould be oscillating ant By Furthermore, we can evaludy: as

around their equilibrium points. Adding the ion kinetic en- 1

ergy term toH, can obtain the wave numberdependence of Epxr== E (—1)™{ 0o gnm>AF|25nm

the acoustic “phonon’w of the 2D electron-hole lattice os- 2 m

cillation. From the stability of the acoustic phonom?

1
>0) for D3<D3 [this condition is well satisfied in layered =5 > {o0d ono)arl 2Eno(for Dp>24,)
cuprates? whereD, (Dy) is chosen as a lattice constant in n
the direction paralle(perpendicularto the stripe, it is re- A
quired that® = ﬁ 280> (e BT 1 e~ @nr1adt), (6)
2 Da n
(0<)e< 5<3e, 3

where  Em=ef ¥ (X) p(X—Xqm)U(x—X") @(X) o* (X’
where e= ((x3) — (x2))/(x3) and 6=[(x2)—(x3)— 2y(|x3|) —Xnm) With X,,=(nD,,mDy). Here in the second equality,
+O(y2)]/(x§), with(xﬁ)(n=1,2,3) the square of the spatial the spin correlation perpenc_iicular to the strip_e can be ne-
spread of the localized wave function in theaxis direction. ~ 9lected due t,>A,; and in the third equality, use has

If this condition were violated, the localized state in itself Peen_made of the AF  configuration|(o oo ono) arl’
would be unstable. =cog(7n/2), and the sum oven has been converted into

In solving the condition of Eq(3) to obtain the allowed MOMentum space using the Poisson’s summation formula.
region for (D,,Dy), it should be noticed that the phonon  Before evaluating the stability condition A HYar/ IA,

energyw for a typical value ofD,~5 A(<Dy) is around =0, we estimate the values of and D, (while D, is re-
0.03 K while the unit lattice energyH)/N (N represents garzded asa pa;rameleRewrltmgVZIS, we find that 27y
the total lattice numberis on the order of 1 eV Thus the =1°So/Zics,(€/ki), where S represents the unit CyO

values ofa andb should be substantially equivalent to those plane, whose magnitude is around 14. 4 we takel as half
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10 —— 77— transfer (or hopping of the localized charges, so that the
following argument may be applied to layered cuprates. Be-
fore dealing with the partially violated AF state, we will
examine the limiting state where the AF correlation in the
stripe direction is completely violated and to be regarded as
a paramagneti¢PM) state. In this case, the electronic state
can be written as a superposition of the ground state and the
excited state in the stripe direction, while it remains in its
ground state in the other directions due to the negligibility of
the overlap of the wave function. Then the trial function of
¢(x) should be modified a$>(x)—><p’(x)=Hﬁ:1¢,’An(xn),
where

D, (A)

, . X1_ADa
¢4, (X)) =| cos{+sin{- (A—l) éa,(X1—AD,),

FIG. 1. Allowed region ofD, for D,=15 A. The area sur- @)
rounded by the lines fof= e and 6= 3¢ guarantees the condition gng dr (Xn)=da (X,) for n=2,3. Here we have taken ac-
n n

of ?>0, while the area surrounded by the lines ¢ e and & . . . . .
—(3— »)e quaranteegg>0, whereg, representing the supercon- count of the first excited state of the harmonic oscillator in
ducting coupling constant,is given ’by ) the stripe direction, and neglected the higher-order excited
’ ' states. The parametd&D, is conveniently introduced so as
to satisfy (x1)py=0, that is,AQa/Alz—sin 2. Further-.
¥nore, the parametef can be derived from the orthogonality
condition offqb’A’;(x—nDa) gb’Al(x)dx:O withn==1 as

the distance between the Cu ion and its apical O ion, namel
|=(2.3/2) A, y can be estimated ag~0.03 A for eg,
~|eo|~2e and kg ~ko~50 kdyne/cm®=%° The value of
Dy, different fromD,, can be easily estimated using the

period of the charge modulation in the direction perpendicu- sing:zﬁ, (8)
lar to the stripe direction. Considering tHag corresponds to Da
half the modulation period in thé-axis direction(in Bi- As far as (2\,/D,)?<1, the orthogonality conditions for
based cuprates, for example, the modulation period is aroungl=+2 +3, ... can beautomatically guaranteed, due to the
30 A),***we find thatDp~15 A. negligibility of the overlap of the wave function.

From d(H)ar/dA;=0, the condition of Eq(3) (in this Under the substitution of Eq7), (H) can be transformed

case,(Xmap=A% (1=1,2,3) and(|xs|)ar=2/mAz) indi-  as (H)—(H)py=N(Kpy+Dpu—Epw), Where Kpy=Kar
cates that foD,=15 A the allowed region foD, is bound  + sir? g.ﬁZ/(4mA§), andDpy, can be written as

as 6 A<D,=<8 A (see Fig. 1 aty=0). The reason of the

existence of the upper and lower bound®tpcan be quali- e’

tatively understood as follows. A®, increases ad, Devm=7% nEm fnDnm, ©
>2A4, with Dy(>2A,) fixed, the interlattice energy tends '

to be neglected. In this case, the wave function turns out twith  f,=(1—sir? {-afA))>+sir?2{-o?A%.  Furthermore,
be isotropic on theab plane, with the result ofA;=A,, Epm Can be written by averaging the spin configuration as
namely,exr (=€ with (H)—(H) ) tends to be vanishing,
which would violate the condition oé,>0 in Eq. (3) un-
less 6,r— 0. Considering that,e remains positive in the

limit of D,,D,>2A,,' we find that there exists the upper . . .
ar=b ! PP where we have used the PM spin configuration as

bound toD,. On the other hand, aB, decreases(x> X
2 a Xa) 00l TnoYpml 2= (14 810) /2, and &), corresponds &g in

tends to decrease due to the enhancement of repulsive forJ:%\:_ h dolx’ lacod by’ do' (X
between the electrons in the stripe directiomhile the WNiCh ¢(x) and ¢(x’) are replaced by’ (x) and ¢’ (x’),

D,-dependence afx3)Ar and(x3)ar can be neglected com- respectively. . .

pared to that 0f<Xf>AF)- Accordingly, e (Sa) tends to f In 'Ithe I;M state, the expectation valuexi'fls evaluated

increase(decreaseto finally violate the condition ofexr rom Eq.(7) as

<JSap- This is why there exists the lower bound g, . <X§>PM:(1—2 Sir? £ +4 sirf £)A2, (11)
However, the allowed region d, should be altered, if

the AF state in the stripe direction (partially) violated. On  so that Eq.(3) requires that under the stability condition of

doping itinerant charges, it seems natural that the AF ground(H)py/dA,=0 (n=1,2,3), the allowed region oD,

state should be excited by the itinerant charges. In this casshould be given by 4 £D,=<10 A (see Fig. 1 aty=1).

the AF correlation igpartially) violated due to the overlap of From Fig. 1, it is found that the upper boundlq in the PM

the wave function. The indistinguishability between the lo-state is larger than that in the AF state. This can be under-

calized and itinerant charges implies that the partially vio-stood by considering that fdb,>22A,(~5 A), namely,

lated AF state can be interpreted as being caused by thgr? <1/2, it is found from Eq.(11) that the relation of

1
Epm= 4

Ebot 2 5;0) (for Dp>2A,), (10)
n
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(x3)py<A? is satisfied(while (x3)s=A%), which implies 100
that epy™> ear and Spy<oap for the sameA,(n=1,2,3).
Thus the upper value @, such thatspy,= 3epy, tends to be
larger than that in the AF state. It is also found that for
4 A<D,<10 A, the relation ofepy< Spy is always satis-
fied; there is no region foD , such thatepy= dp),. This can

be understood as follows. AB, decreases from 10 A to

4 A, A, tends to decrease due to the same reason as in the
case of the AF state. Thus f@,=22A,(~5 A), where

(X3 py=A? is satisfied,epy (Spy) tends to increaséde-
crease to approach the relation af,\,= Spy. However, as

D, decreases further so as to satiBfy<2y2A, epy (Spr)
conversely tends to decrea@pcrease despite the decrease x

of A;, due to the relation ofx7)py>Af, to finally violate FIG. 2. x-dependence of the critical temperatufie for
the condition ofépy< 3epy Without reaching the relation of D,=4.05 A andD,=15 A, wherec’ is chosen as the value of
€pM= OpM - _ _ _ _ layered cuprates.
We have examined two idealized electronic states: the AF
and PM ones. In an actual situation, however, where thguhereM represents the effective mass of the oscillator, and

energy of the itinerant charges is not large enough, the .A'i/czz(1/Eq)2q(q2/w2—0+). Using an explicit expression
correlation in the electron stripe cannot be completely viofor Mc2, we can rewriteg ag®

lated due to the partial transfer of the localized charges. In
this case, the electronic state is difficult to evaluate, because
: ) . ; . 7 agD, Nhy(u)
the spin correlation may fluctuate in space and time. Despite 9= =
the difficulty, it may be convenient to assume that the inter-

mediate state can be written as a mixture of the AF and PM ) .
states such that where ag[ =%2%/(me?)] represents the Bohr radius, and

hy(U)=1-+xu(2—\2—\u—u? with A\=D,/D, and u
(H),=(1—x)(H)art x(H)pw (0<x<1). (120 =vl+b/a. - o

) ) o Under the condition of Eq3), it is found from Eq.(15)
Thls.eff.ectlve Hamlltoman is expected to yvell represent the{hatg tends to diverge as approaches 0, that is, the strong
qualitative behavior of the AF spin fluctuation caused by thecoupling regime can be realized far( 9=0)—0. The soft-
transfer of the Io_calized charges. In accordancg With quning of w in the stripe direction enhances the valuegof
(12), the expectatzlon value of] Lan be p?rameterlzed IN & \which is directly expected from the expression far?l/As u
similar way as(x1),= (1= x)(X)art x{X1)pu- From the increases,h,(u)/[u(u+\)] decreases monotonically and
Stat.)lllty Condlt!on Ofﬁ(H)X/&An=O, the .a“OWQd region :for becomes negative far> Ug, Whereh)\(uo)zo with u0>0_
D, is schematically shown in Fig. 1. It is found from Fig. 1 Thys the condition ofy>0 (or 0<u<u,) requires that
that the lower bound t®, for x>0 tends to be smaller than

T X

10 F

01 02 03 04 05 06 07

JERTAETIRY o

that for y=0. This is because agg increasesg tends to be e<8<(3—v)e, (16)
smaller due to the increase (x"{)X, so thatD, such that 5
5= e tends to be reduced. wherev=8/(4+ug). Note that 6<v<2. ForD,=15 A, we

schematically show the allowed region foy,D,) such that
g>0, which is indeed inside the region such tagt>0.
On the other hand, the magnitude ©f,, which corre-
In this section, we estimaf€, by assuming that SC can sponds to the average @f, is given by®
be realized through the interaction of the doped itinerant
charge with the acoustic phonon of the 2D electron-hole lat- ﬁwD~c’/D§/2, a7
tice oscillation'® To guarantee the strong coupling regime,
we conveniently adopt thésimplified version of McMillan wherec’ stands for some constant depending on the crystal

Ill. SUPERCONDUCTIVITY

theory, whereT can be given by structure [in layered cuprates, for example’~240 K
(4 A)®2 so thatc andc’ are related ta/c’'=1.13"* in
T.=hwpf(9), (13)  the strong coupling limit To obtain highT., we should take

small D, such thaty>1. If we tentatively choos®, for §

=€ as small as possible, that iB,=4.05 A, at whichy
=0.210, then ther-dependence of . can be estimated from
Egs.(13), (15), and(17), with the result schematically shown
in Fig. 2, wherec’ has been chosen as the value of layered
a2 1 1 cuprates. Considering that tends to increase with increas-
g= — — ——, (14) ing the carrier densityn, we find that Fig. 2 indicates the

2m Mc? DaDyp n-dependence of .

with f(g)=1.13 expp—(1+g)/(g—Ag)]. HereAg(~0.1) rep-
resents thgscreenef Coulomb repulsion. In a mean field
theory, the coupling constagtcan be written on the analogy
with the 3D electron-phonon interaction’as
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IV. DISCUSSION written  for layered cuprates as T{°")(K)~100/

Here we discuss, based on the stripe-polarization modelDa(4 A)1%% we find that SC withT;~100 K can be real-
the validity of the realization of the electron stripe with, |ged in the layered cuprate where the AF correlation is par-
~5 A by considering the incommensurate spin fluctuationtidlly violated.
(ISF) observed in layered cuprates. In,LaSr,CuQ, (T,
=37.5 A atx=0.15), ISF appears in the superconducting

phase (0.05;(5915.) with the incommensurate periog The author is indebted to Professor W. Kinase for fruitful
around 5.4 A***which corresponds to aboy times the  giscussions. This work was partly supported by HCU Grant

crystal a-lattice constant. Assuming that, corresponds to  for Special Academic Research under Contact No. 0082.
D, ., we find from Fig. 1 that foD,~5.4 A (in this case, the

maximum T, can be estimated from the stripe-polarization APPENDIX: DERIVATION OF EQ. (5)

model as 47 K, so that the actual magnitudeDgf may be

slightly larger than 5.4 A so as to accord with the observed In the AF state, Dar can be written asDar
T., which, however, is not crucial, because the reduction of= (€7/2)=n mDnm, Where

T. can be caused by the thermal phase fluctuation, typical of

layered cupratgsthe partially violated AF stripe can be re- Dnm:(_l)mf Up (X)) @(X) |2 (X" —Xn m)|? d® xd3x’,
alized in the superconducting phase. A similar ISF observed ’

in underdoped YBgCu;04 ¢ (With the incommensurate pe- (A1)
riod almost equal to that of LSCE) can also be explained with Up(x;x)=U(x;x")—(1— 7/(9|X3|)‘1U(x+ :x"), and
by using the stripe-polarization model. However, in opti- Xn.m=(NDy,mDy,0). Substituting the trial function of the

mally doped YBCO, wherd®, can be estimated fromfc  Gaussian form into EqfAl) and using the Poisson's sum-
(=90 K) as about 4.5 A, ISF is difficult to observe, which ation formula oven and m, we can replac®,, as

can be understood by considering ttrabre than half of the

ACKNOWLEDGMENTS

AF correlation is violated. The same may be true for opti- 2w e—(a2A2+ B2ZA2)
mally doped Bi- and Tl-based cuprates. D~ 51 Inms (A2)
alb Ynm
V. SUMMARY wherea,=2mn/D,, By=(1+2M) /Dy, Yom= e+ Ba,
and

We have obtained the allowed region for the lattice con-
stantD, of the electron stripe which is realized to stabilize * , 5 12
local polarization caused by the ion displacement in ¢he lam= f_mdx3dx3|¢A3(x3)| |¢A3(X3)|
axis direction. The lower bound @, is estimated as about 4
A, where the AF correlation in the stripe direction should be
partially violated, due to the transfer of the localized charges. X
Although the partially violated AF state is originally caused
by the excitement by the doped itinerant charges, the indis- B2 - erf(|xs|/245)
tinguishability between the localized and itinerant charges —J dxs| ¢ 2a,(Xs)| %€ X3|7”"‘[1—21+—}-
implies that the partially violated AF state can be interpreted ” Y¥nm
as a state caused by the trangfarhopping of the localized (A3)
charges. Given that the magnitude®f in general is incom- Using the integral formuld’
mensurate to the crystal lattice constant, it can be stated that

e ‘X3_Xé‘7nm_

e_(lx3‘ +|X:,3)')’nm:|

1+ vvYom

the partially violated AF correlation corresponds to the in- w ) s p2 p
commensurate magnetic fluctuation, which has been ob- dxe P& erf(cx)zRex — erfc
served in superconducting LSCO and YBCO. Assuming that ~° 4c 2\/§C(A4)

the SC mediated through the interaction with the acoustic
phonon of the electron stripe, where the optirfigican be  for |argc| < #/4, we finally obtain Eq(5).
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