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0 Inommensurate struture fator in ahole-doped spin-1 systemIndrani Bose and Emily ChattopadhyayFebruary 1, 2008Department of PhysisBose Institute93/1, A.P.C. Road, Calutta-700009IndiaAbstratThe nikelate ompound Y2BaNiO5 is a spin-1 Haldane-gap antifer-romagnet. The ompound is doped with holes on replaing the o�-hain

Y
3+ ions by Ca

2+ ions. Inelasti neutron sattering (INS) experimentsreveal the existene of sub-gap states on doping. A reent INS experimentprovides evidene for an inommensurate double-peaked struture fatorS(q) orresponding to the sub-gap states. In this paper, we formulate amirosopi theory for the origin of the inommensurate peaks.P.A.C.S. Nos.: 75.10 Jm, 71.27.+a1.IntrodutionHole-doped quantum spin systems exhibit a variety of novel phenomena asa funtion of the dopant onentration. The uprates, whih beome high-temperature superondutors on doping, are the prime examples of suh sys-tems. The uprates have a rih T versus x phase diagram, where T is thetemperature and x the dopant onentration1−3. In the undoped state, theompounds exhibit antiferromagneti (AFM) long range order (LRO) below theNéel temperature TN . The dominant eletroni and magneti properties of theuprates are assoiated with the opper-oxide (CuO2) planes. On the introdu-tion of a few perent of holes, the AFM LRO is rapidly destroyed leaving behinda spin-disordered state. The hole-doped CuO2 plane is an example of a quantumspin liquid (QSL) in 2d. Simpler AFM doped spin systems inlude the two-hainladder ompounds LaCuO2.5
4 and Sr14−xCaxCu24O41

5 and the spin-1, linearhain AFM ompound Y2−xCaxBaNiO5
6. These quasi-1d systems exhibit phe-nomena some of whih are similar to those observed in the uprate systems. Forexample, the doped ladder ompound Sr14−xCaxCu24O41

5,7 beomes a super-ondutor under high pressure (Tc ∼ 12K at a pressure of 3 Gpa). As in theuprate systems, holes form bound pairs in the superonduting state.1
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The doped spin-1 ompound Y2−xCaxBaNiO5 provides an example of a QSLin 1d. The parent ompound Y2BaNiO5 is a harge transfer insulator ontaining
Ni2+ (S = 1) hains. The ground state of the system is spin-disordered and thespin exitation spetrum is separated from the ground state by an energy gap,the so-alled Haldane gap8. The ompound is doped with holes on replaing theo�-hain Y 3+ ions by Ca2+ ions. The holes mostly appear in oxygen orbitalsalong the NiO hains. No metal-insulator transition takes plae but the DC-resistivity ρDC falls by several orders of magnitude6. This indiates that theholes are not fully mobile but deloalized over several lattie spaings. Inelastineutron sattering (INS) experiments reveal the existene of new states withinthe Haldane gap. Several studies have been arried out so far to explain theorigin of the sub-gap states9−14.A very reent neutron sattering experiment provides evidene for an inom-mensurate double-peaked struture fator S(q) for the sub-gap states15. TheINS intensity is proportional to the struture fator. For the pure ompound,
S(q) near the gap energy of 9 mev has a single peak at the wave vetor q = π,indiative of AFM orrelations. For the doped ompound, S(q) has an inom-mensurate double-peaked struture fator, for energy transfer ω ∼3-7 mev, withthe peaks loated at q = π ± δq. The shift δq is found to have a very weak de-pendene on the impurity onentration x for x in the range x∈[0.04 , 0.14℄.Evidene of inommensurate peaks has also been obtained in the underdopedmetalli uprates1. The peaks are four in number and our at (π ± δq, π) and(π, π ± δq ). The ruial di�erene from the nikelate ompound is that δq isproportional to the dopant onentration x. The inommensurability has beenasribed to inhomogeneous spin and harge ordering in the form of stripes. Re-ently, Malvezzi and Dagotto16 have provided an explanation for the origin ofspin inommensurability in the hole-doped S =1 nikelate ompound. They havestudied a two-orbital model using the Density Matrix Renormalization Group(DMRG) method. They have shown that a mobile hole generates AFM orrela-tions between the spins loated on both sides of the hole and this is responsiblefor the spin inommensurability seen in experiments. Xu et al15 have given adi�erent explanation for the origin of inommensurability. The holes doped intothe QSL ground state of the S = 1 hain are loated on the oxygen orbitals andarry spin. They indue an e�etive ferromagneti (FM) interation betweenthe Ni spins on both sides. The inommensurate peaks arise beause of the spindensity modulations developed around the holes with the size of the dropletsontrolled by the orrelation length of the QSL. In this paper, we provide amirosopi theory of the origin of spin inommensuration in keeping with thesuggestions of Xu et al.2. Mirosopi modelVarious mirosopi models have been proposed to explain the presene of sub-gap states9−14. The relevant orbitals of Ni2+ in the Ni-O hain are 3d3z2−r2 and
3dx2−y2

13. An eletron in the latter orbital is almost loalised while the 3d3z2−r22



orbital has a �nite overlap with the 2pz orbital of the oxygen ion. In the undopedstate, eah Ni orbital is oupied by a single eletron and the oxygen orbitalis �lled up. The spins on the Ni orbitals have a FM alignment, due to strongHund's rule oupling, giving rise to total spin S = 1. The nearest-neighbour(NN) spins S = 1 interat via AFM superexhange interation mediated throughthe intermediate oxygen ions. On doping, holes are predominantly introduedin the oxygen orbitals. The holes have e�etive spin-1/2 as eah 2pz orbitalontaining a hole is oupied by a single eletron (Fig. 1).In the undoped state, we have a hain of S = 1 spins. The ground stateis spin-disordered and, as predited by Haldane8, there is a gap in the exi-tation spetrum. A�ek, Kennedy, Lieb and Tasaki (AKLT)17 have provideda physial piture for the ground state. Eah spin 1 an be onsidered to bea symmetri ombination of two spin-1/2's. Eah spin-1/2 forms a singlet orvalene bond (VB), 1√
2
(↑↓ − ↓↑), with a NN spin-1/2. The ground state isdesribed as a valene bond solid (VBS) in whih a singlet or VB is presentbetween eah NN pair of spins. Atually, AKLT wrote down the Hamiltonianfor whih the VBS state is the exat ground state. The Hamiltonian is a sumover projetion operators onto spin 2 for suessive pairs of S = 1 spins and anbe written as

HAKLT = J
∑

〈ij〉

[
−→
Si.

−→
Sj +

1

3
(
−→
Si.

−→
Sj)

2 +
2

3

]
. (1)Sine, in the VBS state, a singlet exists between two NN spin-1/2's, the totalspin of two NN spin-1's an never be 2. Thus, the projetion operator onto spin2 ating on a NN pair of spins in the VBS state gives zero. The VBS state is theexat ground state of HAKLT with eigenvalue zero. The VBS state also providesthe orret physial piture for the ground state of the S =1 hain interatingvia the usual AFM Heisenberg Hamiltonian

H = J

N∑

i=1

−→
S i.

−→
S i+1. (2)This has been veri�ed in a number of experiments.Exitations from the VBS state are triplets (a VB is replaed by a triplet)whih propagate along the hain18. The triplet exitation spetrum is sepa-rated from the VBS state by the Haldane gap, of the order of J. The tripletexitation spetrum has been observed experimentally in Y2BaNiO5. The exi-tation di�ers from a spin wave in that it propagates in a spin bakground withno onventional magneti order. The Haldane gap ∆ has a magnitude ∆ ≃ 9mev15. The VBS state is not, however, a simple paramagnet but has quantumoherene in the form of a long-range string order19. On doping the nikelateompound with holes, the triplet exitation spetrum has a dispersion relationsimilar to that in the pure Y2BaNiO5. In addition, however, new states appearin the Haldane gap. Near 3 to 7 mev, the magneti sattering is found to bethe most intense along two vertial lines, displaed symmetrially from π.3



The oxygen hole ats as a spin-1/2 impurity and also modi�es the strengthof the superexhange interation between neighbouring Ni spins. Sorensen andA�ek10 have onsidered S = 1 spin hains with site/bond impurities to explainthe origin of sub-gap states. The holes are, however, not loalized but mobileover several lattie spaings. Various models of fully mobile S = 1/2 holesinterating with S = 1 spins have been proposed so far11,13,20,21. The �rst suhmodel is that of Pen and Shiba11. The e�etive Hailtonian is given by
H = H0 +HJ′ +H

t̃
+H

J̃
(3)where

H0 = J
∑

i

[−→
S i.

−→
S i+1 − β(

−→
Si.

−→
S i+1)

2
]
. (4)The speial ases β = 0 and β = − 1

3 orrespond to the Heisenberg and AKLTHamiltonians respetively. The Hamiltonian
HJ′ = 2J ′

∑

i

(
−→
S i.−→σ i+1/2 +

−→
S i+1.−→σ i+1/2) (5)desribes the e�et of S = 1/2 impurities (holes). An impurity at site i+1/2hanges the J oupling to J1 between the S =1 spins on both sides of the impu-rity in the Hamiltonian H0 (Eq.(4)). Also, there is an interation between theimpurity spin σ and the adjaent S = 1 spins. H

t̃
and H

J̃
are the Hamiltoniansdesribing the e�etive hopping of the holes on the O sites.

H
t̃
= t̃

∑

i

P̂i (6)and
H

J̃
= 2J̃

∑

i

P̂i(
−→
S i.−→σ i+1/2 + −→σ i−1/2.

−→
S i). (7)The operator P̂i exhanges the oupations of the sites i +1/2 and i−1/2 . Ifthe hole is loated on site i+1/2, P̂i shifts it to i-1/2 provided that site is empty.Two S = 1/2 objets annot oupy the same site as it osts a lot of energy.The same type of e�etive Hamiltonian has been used earlier to desribe dopeduprate systems in a two-band (opper and oxygen orbitals) senario22−24. Inthe uprates too, the added holes go to oxygen sites and eah hole has an e�etivespin-1/2 whih interats with the spin-1/2's of the Cu2+ ions on neighbouringsites. The major di�erenes between the nikelate and uprate ompounds are:

Ni2+ ion arries spin 1 as opposed to the spin-1/2 of the Cu2+ ion and in theundoped state the latter ompound has AFM LRO.For the doped uprate systems, Aharony et al25 have argued that the holesgenerate an e�etive FM exhange interation between the Cu ions on neigh-bouring sites. Consider a pair of Cu ions and an intermediate hole. The in-teration is desribed by a Hamiltonian of the type given in Eq.(5) exept that4



the spins −→
Si have a magnitude 1/2. The exhange interation strength J ′ isexpeted to be larger than the interation strength J. The spins −→

Si and −→
S i+1prefer to be parallel irrespetive of the sign of J ′. The spin-1/2 of the holealong with the two spin-1/2's of the adjaent Cu-ions onstitute a spin bubbleor polaron. For the doped Y2BaNiO5 ompound, a similar senario holds true.The hole with a spin-1/2 provides a break in the VBS state of the S =1 hain.The two Ni-ions whih are NNs of the hole have unpaired spin-1/2's. In theabsene of the hole, these two spin-1/2's form a singlet in the VBS state. In thepresene of the hole, a spin bubble onsisting of three spin-1/2's (the entralspin belonging to the oxygen hole) is obtained. The bubbles are embedded inthe original VBS state.3. Struture fator S(q)The di�erential sattering ross-setion in an INS experiment is proportional tothe dynamial struture fator Sαα(q, ω), (α = x,y or z) given by26

Sαα(q, ω) =
∑

S′,M ′

∑

i,j

exp{iq(ri − rj)} 〈SM |Sα
i |S′M ′〉 〈S′M ′|Sβ

j |SM〉

δ(ω + E(S,M) − E(S′,M ′)). (8)We assume a 1d spin system at T = 0. The magneti ions are loated at the sitesi and j with the assoiated magneti form fators taken to be unity. The spinstate |SM〉 is the ground state where S is the total spin of the state and M the zomponent of the total spin. The ground state energy is given by E(S,M). Thestate |S′M ′〉 is an eigenstate of the system with energy E(S′,M ′). The energyand momentum transfers in the sattering proess are ω and q respetively.For the doped Y2BaNiO5 ompound, the spin states are the VBS stateswith spin bubbles nuleated around the doped holes. Let us onsider the ase ofa single stati hole. The total spin of the state is equal to the total spin of thebubble sine the rest of the VBS state is a singlet. Sine the bubble onsists ofthree spin-1/2's, the possible spin states orrespond to total spin S = 3/2 and1/2 (two representations). The possible spin states |SM〉 are (only the bubblespin on�gurations are shown):
∣∣∣∣
3

2
,
3

2

〉
= |↑↑↑〉

∣∣∣∣
3

2
,
1

2

〉
=

1√
3
|↑↓↑ + ↑↑↓ + ↓↑↑〉

∣∣∣∣
3

2
,−1

2

〉
=

1√
3
|↓↑↓ + ↓↓↑ + ↑↓↓〉

∣∣∣∣
3

2
,−3

2

〉
= |↓↓↓〉 (9)5



∣∣∣∣
1

2
,
1

2

〉
=

1√
6
|2 ↑↓↑ − ↓↑↑ − ↑↑↓〉

∣∣∣∣
1

2
,−1

2

〉
=

1√
6
|2 ↓↑↓ − ↑↓↓ − ↓↓↑〉 (10)

∣∣∣∣∣
1̃

2
,
1

2

〉
=

1√
2
|↑↑↓ − ↓↑↑〉

∣∣∣∣∣
1̃

2
,−1

2

〉
=

1√
2
|↓↓↑ − ↑↓↓〉 (11)The `�'-sign in Eq.(11) indiates a di�erent S = 1/2 representation. In thestates shown in Eqs.(9)-(10), the �rst and the third spins (the Ni spin-1/2's)are in a S = 1 spin on�guration. This spin 1 adds to the spin 1/2 of the holegiving rise to a resultant spin 3/2 or 1/2. In all these states, there is thus ane�etive FM interation between the Ni spins. In the states shown in Eq. (11),the Ni spin-1/2's form a singlet and the hole spin is free.Pen and Shiba11 have alulated the hole exitation spetrum assuming afully mobile hole. The trial wave funtion of the L-site periodi hain with onehole is given by

|SMk〉 =
1√
L

∑

j

eikj

∣∣∣∣SM, j +
1

2

〉 (12)where ∣∣SM, j + 1
2

〉 denotes the state with the hole loated at site j + 1
2 . With

H0 in Eq.(4) given by the AKLT Hamiltonian, the lowest hole eigenstate of H(Eq.(3)) is given by an appropriate linear ombination of the states ∣∣ 1
2

!
2k

〉 and∣∣∣ 1̃
2

1
2k

〉. An exited state is obtained from a di�erent linear ombination of thestates. The full hole spetrum, in the subspae of states desribed by Eqs. (9)-(11), onsists of one fourfold and two twofold degenerate bands. The dynamialstruture fator has non-zero weight inside the Haldane gap due to satter-ing between the hole states. Pen and Shiba's mirosopi model Hamiltonianhas been rederived by Batista et al14 starting from a multiband Hamiltonianontaining the relevant Ni and O orbitals. They have further estimated themagnitudes of the various parameters in the Hamiltonian on the basis of smallluster alulations.We return to our onsideration of a stati hole. From Eq.(8), the seletionrules for INS transitions are
∆S = 0,±1,∆M = 0,±1. (13)We onsider α = z so that ∆M = 0 . The q-dependene of the INS intensity isgiven by 6



IS′M ′(q) =

∣∣∣∣∣〈S
′M ′|

∑

i

eiqriSz
i |SM〉

∣∣∣∣∣

2

. (14)
IS′M ′(q) orresponds to a sattering transition from the state |SM〉 to the state
|S′M ′〉 with an energy transfer of ω. The spin expetation values in Eq.(14)an be alulated in a straightforward manner using the method of matrixproduts27−30. In the undoped state, the Hamiltonian H in Eq.(3) reduesto H0 . We onsider H0 to be the AKLT Hamiltonian for whih the VBS stateis the exat ground state. In the matrix produt representation, the VBS stateis given by

|ψV BS〉 = Tr(g−L ⊗ ....⊗ g0 ⊗ ....⊗ gL). (15)The 1d lattie onsists of 2L + 1 sites and gi denotes a 2 × 2 matrix at the ithsite with single spin states as elements.
g =

1√
3

(
− |0〉 −

√
2 |1〉√

2
∣∣1

〉
|0〉

) (16)where |1〉 , |0〉 ,
∣∣1

〉 are the spin-1 states with Sz = +1, 0 and −1 respetively.Expetation values in the matrix produt states an be alulated most on-veniently by the transfer-matrix method. We desribe the major steps of thealulation in the following. Details of the theory of matrix produt represen-tations an be obtained from Refs. [27-30℄.The norm of a wave funtion in the matrix produt representation, e.g.,
〈ψV BS | ψV BS〉 an be written as

〈ψV BS | ψV BS〉 =
∑

{nα,mα}
g†n1n2

g†n2n3
........g†nLn1

gm1m2
gm2m3

.....gmLm1. (17)We de�ne a 4 × 4 transfer matrix G at any lattie site by
Gµ1µ2

⇒ G(n1m1),(n2m2) = g†n1n2
gm1m2

. (18)The ordering of multi-indies is given by
µ = 1, 2, 3, 4 ↔ (11), (12), (21), (22). (19)With the hoie of g given in Eq.(16), the transfer matrix G is

G =
1

3




1 0 0 2
0 −1 0 0
0 0 −1 0
2 0 0 1


 . (20)The eigenvalues and eigenvetors of G are7



λ1 = 1, λ2 = λ3 = λ4 = −1

3
(21)

|e1〉 =
1√
2




1
0
0
1


 , |e2〉 =

1√
2




−1
0
0
1


 , |e3〉 =




0
1
0
0


 , |e4〉 =




0
0
1
0


 . (22)The normalisation (17) is determined by the largest eigenvalue for L→ ∞ (thesize of the hain is 2L+1):

〈ψV BS | ψV BS〉 ≃ λ2L+1
1 = 1. (23)Consider the ground state matrix element of a spin operator P at site r. Oneuses the notation

Z(P )µ1µ2
⇒ Z(P )(n1m1),(n2m2) = g†n1n2

Pgm1m2
(24)with Z(1)=G. We obtain

〈P 〉 = 〈ψV BS | ψV BS〉−1 〈ψV BS | P | ψV BS〉 = (TrG2L+1)−1TrZ(P )G2L.(25)On taking the limit L→ ∞ , we obtain
〈P 〉 = λ−1

1 〈e1|Z(P ) |e1〉 . (26)For 2-site orrelations of operators A1 and Br at sites 1 and r respetively, oneobtains
〈A1Br〉 = Tr(G2L+1)−1TrZ(A)Gr−2Z(B)G2L+1−r. (27)For L→ ∞, the expetation value redues to
〈A1Br〉 =

4∑

n=1

λ−2
n

(
λn

λ1

)r

〈e1|Z(A) |en〉 〈en|Z(B) |e1〉 (28)where λn and |en〉 are the eigenvalues and eigenvetors of the transfer matrix G.In the same way, one an alulate o�-diagonal expetation values of the type
〈S′M ′|Ai |SM〉.The VBS state with a single embedded hole has di�erent matrix produtrepresentations depending on the on�guration of the three-spin bubble entredaround the hole. The possible bubble spin on�gurations are given in Eqs.(9)-(11). For example, the states ∣∣ 3

2
3
2

〉 and ∣∣ 1
2

1
2

〉 are of the form
Tr(g−L ⊗ .....⊗ g−1 ⊗ gh ⊗ g0 ⊗ ....⊗ gL) (29)8



with the hole loated in between the sites -1 and 0. The orresponding matrix
gh is given by

gh =

(
0 0

−
√

2 |↑〉 0

) (30)for the ∣∣3
2

3
2

〉 state and
gh =

1√
3

(
− |↑〉 0
−2 |↓〉 |↑〉

) (31)for the ∣∣1
2

1
2

〉 state.We have alulated IS′M ′(q) in Eq.(14) by taking the ground state |SM〉 tobe the ∣∣ 1
2

1
2

〉 state and the state |S′M ′〉 to be a state whih sati�es the seletionrule ∆S = 0,±1 and ∆M = 0 . For example, the state |S′M ′〉 an be any oneof the states ∣∣3
2

1
2

〉, ∣∣1
2

1
2

〉 and ∣∣∣ 1̃
2

1
2

〉. In the �rst two ases, IS′M ′(q) is alulatedas (apart from numerial prefators )
IS′M ′(q) =

∣∣∣∣
(1 + eK)cos( q

2 )

coshK + cosq

∣∣∣∣
2 (32)where K−1 = 1

ln3 is the spin orrelation length in the VBS state. For the state∣∣3
2

1
2

〉 ,
gh =

√
2

3

(
|↑〉 0
− |↓〉 − |↑〉

) (33)Also, i , j in Eq.(8) denote the sites at whih the Ni spins are loated, i.e., thehole spin is not expliitly taken into aount. When |S′M ′〉 is ∣∣∣ 1̃
2

1
2

〉 ,
gh =

(
|↑〉 0
0 |↑〉

) (34)and IS′M ′(q) is given by (apart from a numerial prefator),
IS′M ′(q) =

∣∣∣∣
(1 + eK)sin( q

2 )

coshK + cosq

∣∣∣∣
2 (35)Xu et al15 have suggested a form (Eq.(32)) for the struture fator of the groundstate with a single FM bond inserted within an in�nite hain. The FM bondours between the sites -1 and 0. In the matrix produt representation, suh astate is given by

|ψFM 〉 = Tr(g−L ⊗ .....⊗ ga
−1 ⊗ g0 ⊗ ....⊗ gL) (36)where

ga =

( √
2 |1〉 0

− |0〉 0

) (37)9



Calulation of S(q) with |S′M ′〉 = |SM〉 = |ψFM〉 reprodues the form inEq.(32). This, however, orresponds to elasti neutron sattering whereas theinommensurate signal arises from inelasti neutron sattering. The intensity
IS′M ′(q) (Eq.(32)) has two peaks symmetrially displaed from π. The widthsand inommensurability are of the order of K. A good �t to the experimentaldata has been obtained by treating K−1 as a parameter. For dopant onen-trations x = 0.04, 0.095 and 0.14, the best �ts to the experimental data areobtained for K−1 = 8.1± 0.2, 7.3± 0.2 and 7.2± 0.5 respetively. These valuesare onsiderably higher than the VBS value of K−1 = 1

ln3 and are loser tothe estimate of the orrelation length for the Heisenberg Hamiltonian. The useof the AKLT Hamiltonian has, however, enabled us to formulate a mirosopitheory of the struture fator, based on the matrix produt representation. Thedouble-peaked inommensurate struture is orretly reprodued in the theory.The intensity IS′M ′ (q) , however, has nodes at q = (2n+1)π whih are not seenexperimentally. Xu et al15 have suggested that �nite hole densities as well as anexpliit onsideration of the hole spin distributed over l lattie sites entred onthe FM bond, gives rise to a non-zero intensity at q = (2n + 1)π. Mirosopialulations along these lines are, however, yet to be arried out.The struture fator S(q) of INS is obtained on integrating the dynamialstruture fator S(q, ω) in Eq.(8) over energy ω and is given by the sum over theintensities IS′M ′(q)'s for the three possible states |S′M ′〉. Two of the intensitiesis proportional to cos2 q
2 while the third is proportional to sin2 q

2 . The �rst twointensities have a minimum at q = π and the last intensity has a maximumat q = π. The resultant intensity for K = ln3 ∼ 1.1 has a double-peakedinommensurate struture but the intensity at q = π has a magnitude very loseto that of the peak intensities. For K = 1.2, (orrelation length less than NNNi-Ni distane but more than the distane separating NN Ni and oxygen ions),the struture fator S(q) vs. q is shown in Fig.2. The double-peaked strutureis, however, very sensitive to the value of K and disappears for K ≤ 1.0. Forexhange interations of the Heisenberg-type, K is around 0.17. With a groundstate |SM〉 =
∣∣ 1
2

1
2

〉
+ x

∣∣∣ 1̃
2

1
2

〉 (x < 1), the struture fator S(q) ontains termsproportional to cos2 q
2 as well as δsin2 q

2 (δ < 1). With the appropriate hoieof δ, a double-peaked inommensurate struture fator S(q) is obtained for awide range of values of K. Fig.3 shows S(q) vs. q for δ = 0.35 and K = ln3.Eigenfuntions whih are linear ombinations of the states ∣∣ 1
2

1
2

〉 and ∣∣∣ 1̃
2

1
2

〉 areobtained when mobile holes are onsidered. In fat, as mentioned earlier, forfully mobile holes , the lowest two hole bands orrespond to linear ombinationsof the states ∣∣ 1
2

1
2k

〉 and ∣∣∣ 1̃
2

1
2k

〉 with |SMk〉 de�ned as in Eq.(18). Holes in thedoped nikelate ompound are not, however, fully mobile. Calulations, takinginto aount the limited mobility of a hole as well as an expliit onsideration ofthe hole spin in alulating S(q), are in progress and the results will be reportedelsewhere.
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4. ConlusionIn this paper, we have provided a mirosopi theory for the double-peakedstruture of the INS intensity for the doped S = 1 AFM ompound Y2BaNiO5.The spin-1's are assumed to interat via the AKLT Hamiltonian for whih theVBS state is known to be the exat ground state. The introdution of holesin the system nuleates spin bubbles around the holes due to the strong AFMexhange interations between the hole spins and NN free spin-1/2's of the VBSstate. The sattering between the hole states gives rise to states within theHaldane gap with an inommensurate struture fator. The inommensuratepeaks ourring in the underdoped metalli uprate systems have been asribedto the formation of spin and harge inhomogeneities in the form of stripes. Asa onsequene of this, the shift δq of the loation of an inommensurate peakfrom π is proportional to the dopant onentration x. For the doped nikelatesystem, δq has a very weak dependene on x for x in the range 0.04-0.14 andno experimental evidene of stripes has been obtained. Inommensuration inthe doped uprate systems ours in the metalli state when holes are fullymobile. In the doped uprates, the spin-spin orrelations have a longer rangethan in the ase of the doped nikelate system. This gives rise to greater e�etiveinterations between the spin bubbles in the former ase.Malvezzi and Dagotto16 have onsidered a two-orbital model for the doped
Y2BaNiO5 ompound and have shown that spin inommensurability is obtainedin a wide range of densities and ouplings. AFM orrelations are dynamiallygenerated aross the holes to failitate hole movement. The same type of orre-lations our in the 1d Hubbard model and the 2d extended t-J model. In thetwo-orbital model, only the two Ni orbitals have been onsidered and oxygenorbitals have not been expliitly inluded in the Hamiltonian. The spin of thehole on the oxygen ion forms a singlet with the spin-1/2 in the adjaent Niorbital (eah of the two Ni orbitals ontains an eletron with spin-1/2) givingrise to an e�etive Zhang-Rie (ZR) doublet. This is analogous to a ZR singletin the ase of doped uprate systems2. More detailed experiments are requiredto distinguish between the two mehanisms, suggested so far, on the origin ofspin inommensuration in Y2−xCaxBaNiO5.Several earlier studies on doped uprate systems have explored the possibilityof the binding of two spin bubbles in the antiferromagnetially interating spinbakground. Zhang and Arovas31 have onsidered the propagation of S = 0holes in a VBS state and have found evidene for the binding of holes. Thepropagating S = 0 hole orresponds to a simultaneous hopping of a pair ofeletrons. The possibility for the binding of a pair of spin bubbles, entredaround holes, in a VBS-type spin bakground has not been explored as yet.Experimental evidene of the binding of holes in the doped nikelate ompounddoes not exist. On the other hand, evidene for the binding of holes has beenobtained in the ase of a doped ladder ompound3,5. Several numerial studiesprovide evidene for the binding of holes in a two-hain t-J ladder model3,32.The binding of two holes has been demonstrated exatly and analytially in aspeially onstruted t-J ladder model33. In the undoped ase, this model, in11
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Figure CaptionsFig. 1. Shemati diagram of the Ni-O hain with the seond O being oupiedby a single hole.Fig. 2. Struture fator S(q) vs. q for K = 1.2Fig. 3. Struture fator S(q) vs. q for K = ln3 and δ = 0.35
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