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CHARGE STRIPES AND FOUR-SPIN EXCHANGEINTERACTION IN HIGH-T
 CUPRATES�T�ru SakaiDepartment of Physi
s, Tohoku UniversityAramaki, Aoba-ku, Sendai 980-8578, Japan(Re
eived July 10, 2002)A possible me
hanism of the 
harge stripe due to the four-spin 
y
li
ex
hange intera
tion in the high-T
 
uprate is proposed. The realizationof the me
hanism is demonstrated by the numeri
al diagonalization of anextended t�J model.PACS numbers: 74.72.Dn, 71.10.Fd, 71.45.LrThe 
harge stripe is one of interesting topi
s in the �eld of the strongly
orrelated ele
tron systems. Sin
e the stripe order was observed in the high-T
 
uprate super
ondu
tors [1℄, many theoreti
al me
hanisms have beenproposed based on some long-range Coulomb intera
tions or latti
e distor-tions et
. The realization of the stripe was dis
ussed even in the frameworkof the simple t�J model. [2℄ The real me
hanism, however, is still an openproblem. In the previous work [3℄ the present author indi
ated that the2nd neighbor ex
hange intera
tion 
an be one of the origins of the 
hargestripe. On the other hand, the re
ent neutron s
attering measurement [4℄on La2CuO4 revealed that the four-spin 
y
li
 ex
hange intera
tion at ea
hplaquette is more signi�
ant than the 2nd-neighbor two-spin ex
hange. Inthe present paper, we suggest that the four-spin ex
hange possibly leads tothe 
harge stripe, as well as the 2nd-neighbor one, and present a preliminaryphase diagram of an extended t�J model on the square latti
e obtained bya �nite-
luster 
al
ulation.In order to investigate on the four-spin ex
hange as a driving for
e of the
harge stripe, we 
onsider the 2D extended t�J Hamiltonian as follows:� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(423)



424 T. SakaiH = �t Xhi;ji;�(
yj;�
i;� + 
yi;�
j;�) + JXhi;ji(Si � Sj � 14ninj)+J 0 Xhi;ji0(Si � Sj � 14ninj) + J 00Phi;ji00(Si � Sj � 14ninj)+J4Xj (P4;j + P�14;j ) ; (1)where Phi;ji, Phi;ji0 and Phi;ji00 are the sums over the 1st, 2nd and 3rdneighbor bonds, respe
tively. P4;j is the 
y
li
 permutation operator whi
hex
hanges the four spins around the j-th plaquette as Sj ! Sj+x̂ !Sj+x̂+ŷ ! Sj+ŷ ! Sj , J4 is the strength of the four-spin ring ex
hange.Although the long-range hopping terms t0 and t00 are also known to exist inreal 
uprates, we negle
t them be
ause they play no essential role for thepresent me
hanism. We assume all the two-spin ex
hange intera
tions areantiferromagneti
, namely J , J 0 and J 00 are positive. The s
hemati
 �gureof the model is shown in Fig. 1.
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J’’Fig. 1. S
hemati
 �gure of the extended t�J model, in
luding the se
ond and thirdneighbor ex
hange intera
tions, as well as the four spin 
y
li
 ex
hange.A

ording to the well-known naive argument on the hole pairing in thet�J model, two holes in the ba
kground of the short-range antiferromagneti
order for su�
iently large J=t tend to form the nearest-neighbor pair. Thisis be
ause the pair breaks seven J bonds, while two separate holes breakseight, so the pair is more stable by the energy of a J bond. The argument



Charge Stripes and Four-Spin Ex
hange Intera
tion in High-T
 Cuprates 425leads to the phase separation in many hole systems. Applying a similarargument for the t�J model in
luding J 0, the system is more stable whenmore J 0 bonds are broken, be
ause the antiferromagneti
 J 0 is frustratedwith the short-range order due to J . Thus if J 0 is su�
iently large (� J=2),a many-hole 
luster should prefer a line shape to the ordinary phase separa-tion. Therefore, the 2nd-neighbor ex
hange J 0 
an lead to the 
harge stripe.However, the neutron s
attering measurement suggested the four-spin ex-
hange J4 is more important than J 0. In fa
t the perturbation expansion ofthe Hubbard Hamiltonian [5℄ from the large-U limit gave the parameters ofthe extended t�J model (1) as follows: J 0 = J 00 = J4=20 = 4t4=U3. It wasalso justi�ed by the neutron s
attering experiment. Thus we 
onsider thee�e
t of J4 on the short-range antiferromagneti
 order. The realisti
 positiveJ4 stabilizes the triplet state at ea
h four-spin plaquette. It leads to a kindof frustration with the short-range antiferromagneti
 order. Thus the stripeformation is more preferable than the phase separation for su�
iently largeJ4, be
ause the number of plaquettes where J4 does not work due to holes islarger for the stripe. Therefore, the four-spin ex
hange 
an also be an originof the 
harge stripe.In order to 
on�rm the above me
hanism of the stripe, we performed thenumeri
al diagonalization study with the Lan
zos algorithm on the extendedt�J model (1) on the 4� 4 
luster with 4 holes under the periodi
 boundary
ondition. In the same study on the t�J�J 0 model in the previous work, a
riti
al point J 0
 was dete
ted as a level 
ross in the ground state for somerealisti
 values of J=t. The two phases separated by J 0
 were 
hara
terizedby the four-hole 
orrelation fun
tions:C(4)St = *Xi nhinhi+x̂nhi+2x̂nhi+3x̂+ ; (2)C(4)PS = *Xi nhinhi+x̂nhi+ŷnhi+x̂+ŷ+ ; (3)whi
h are the 
orrelations at four su

essive sites on a line and at four sitessurrounding a plaquette. The numeri
al 
al
ulation indi
ated C(4)St < C(4)PSfor J 0 < J 0
 while C(4)St > C(4)PS for J 0 > J 0
. Thus we 
on
luded that thesystem exhibits the phase separation for J 0 < J 0
 while the stripe order forJ 0 > J 0
.The present numeri
al study on the extended t�J model (1) indi
atedthat the same phase transition o

urs at some 
riti
al value of J4 even forJ 0 = J 00 = 0 as the t�J�J 0 model. It suggests that the four-spin ex
hange 
analso lead to the 
harge stripe. It is expe
ted that for more realisti
 parameter



426 T. SakaiJ 0 = J 00 = J4=20 the stripe is more stable, be
ause the antiferromagneti
 J 00should stabilize the line-shaped hole 
luster, based on the same argument asJ 0. The phase boundaries obtained by the numeri
al diagonalization studyon the 4 � 4 
luster in the two 
ases J 0 = J 00 = J4=20 and J 0 = J 00 = 0are shown in Fig. 2. The stripe phase is larger for J 0 = J 00 = J4=20,as expe
ted. The preliminary phase diagram in Fig. 2 suggests that the
harge stripe possibly o

urs for the realisti
 parameters J=t � 0:4 andJ4 � 0:3J(� 0:1t), whi
h are obtained by the neutron s
attering experimenton La2CuO4.
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Phase SeparationFig. 2. Ground-state phase diagram.In summary, the present numeri
al study on the extended t�J model in-di
ated that the four-spin ex
hange intera
tion is possibly one of the originsof the 
harge stripe in the high-T
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