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Spin incommensurabilityiC) has been recently experimentally discovered in the hole-doped Ni-oxide chain
compound ¥_,CaBaNiC; [G. Xu et al, Science289, 419(2000]. Here a two orbital model for this material
is studied using computational techniques. Spin IC is observed in a wide range of densities and couplings. The
phenomenon originates in antiferromagnetic correlations “across holes” dynamically generated to improve
hole movement, as it occurs in the one-dimensional Hubbard model and in recent studies of the two-
dimensional extendedJ model. The close proximity of ferromagnetic and phase-separated states in parameter
space is also discussed.
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One of the most remarkable results in hole-doped two- _ E T 2
dimensional(2D) high-temperature superconductors is the H—_<ij>ab0 tap(CiagCibs T H.C)+U 2/ MiatMia)
existence in neutron-scattering experiments of spin incom-
mensurability(IC).! This result i mpatible with the for- T
ensurability(IC) s result is compatible e fo +ur'S nilgniz(r,_\]z CiT]_o-Cil(r’Cizo-'CiZ(ra 1)

mation of stripes, with ar shift in the antiferromagnetic
(AF) order across the stripes. Considerable theoretical work o )
has been devoted to the explanation of these structures, byyhere the notation is standard, namely,, is the number
no consensus has been reached. Recently, a phenomerfrator at site, orbitala, and spino, a=1(2) corresponds
analogous to the spin IC in cuprates has been reported in tH@ orbital 3d(3z°~r?) [3d(x*~y?)] of the Ni*? ion, and
one-dimensional(1D) compound Y%_,CaBaNiO;.? The the chain direction is taken to be theaxis. The hopping
parent materialX=0) is a spin-one $=1) chain described amplitudes between nearest-neighbor sitestgre 4/3, t;,
by a Heisenberg model, with a spin liquid ground state.=t12=t21=0.° U andU’ are onsite intraorbital and interor-
Upon doping, the resistivity is drastically reducednd the  bital Coulomb interactions, respectively, whil€>0) is the
magnetic IC arise$ These novel results raise the interestingHund coupling which favors parallel spins on the same site.
possibility of a common origin of the spin IC phenomenaNote that orbital rotational invariance requires
observed in doped 2D cuprates and 1D nickelates. U=U"+J.*For simplicity, in this first attempt to under-
The purpose of this paper is to present theoretical calcustand the spin IC effect the oxygen ions are not explicitly
lations searching for spin IC in models for dop&k=1  included in the Hamiltonian. The use of Zhang-Rice “dou-
chains. Theoretical studies of these systems have been pfdets”_(instead of singlefsin previous literature of Ni
sented beforé? but the magnetic order upon doping has notoxides™** justifies in part this approximation.
been investigated in detail. The main result of our effort is The many-body technique used here to analyze ground-
that spin IC can indeed be observed when holes are dopédate properties of Hamiltoniafil) is the density-matrix
into a spin-gapped=1 chain. The effect originates in the renormalization grougpDMRG) method.” The finite-system
local existence of dynamically induced robust AF correla-variation of DMRG was applied, working with open bound-
tions between the spins located at both sides of a mobile hoRrY conditions(OBC). Truncation errors were kept around
(“across-the-hole’). This spin structure is generated to fa- 10~° or smaller, using about 100 states. In order to charac-
cilitate the hole movement, namely to improve the kinetictérize ground-state properties, a variety of observables have
energy portion of the Hamiltonian. This is qualitatively simi- Peen measured, such as the spin structure factor defined as
lar to results reg}orted in 1D Hubbard models with spin- 1
charge separatiohand also in studies by Martinst al. on _ - - i(j—myk
ladders and 2D models with very mobile holeBased on S=¢ ,—%b (S~ Smoe ’ @
the results reported here, it is natural to conjecture that the
spin IC in 1D Ni oxides may originate in similar tendencies Where Sa== ,45Cl,0sCjap. () denotes ground-state ex-
of these systems toward spin-charge separation. In the 1pectation value, ant is the length of the chain. The charge
S=1/2 system this separation is complete, while in 8D structure-factor was also measured, but no evidence of
=1/2 and 1DS=1 spin-gapped systems it appears to occuicharge ordering has been observed. Also the local density,
only at short distances. However, this is sufficient to inducgn;)==a,(Nja,), and total-spin z component, (S;)
a robust spin IC. =3 4(S,), were studied, but the main results were obtained
The proposed Hamiltonian for dop&¥ 1 chains is focusing on spin correlations.
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! FIG. 2. The spin structure factor for systems of 16 and 20 sites
FIG. 1. Results ah=2 for a 16-site chain(@) Phase diagram. (indicated in parenthesesnd different electron densitiega) U’
(b) Spin correlations aty’,J)=(6,4). For comparison, the corre- =6 andJ=4; (b) U’'=16 andJ=13.
lations of the AFS=1 Heisenberg chain are also shown. The inset

forJ(',J)=(16,13). Detail f i . . .
;sﬁ:\;\g(tthe same but fol(’,J)=(16,13). Details can be found in chain. For given values otJ’,J), data coming from systems

with sizes between 4 and 20 sites yield approximately the
same value fold,.is- Even though a closed form for the
Let us consider density=2 first, expected to represent dependence oy with couplings is unknown, it is clear
the undoped material. Figurga shows the U’,J) phase from our results thatl,es is inversely proportional tdJ)’
diagram for a system of 16 sites and 32 electrons. Each aind J. Typical values ofJ,.is are 0.14-0.01 for U’,J)
the three marked regions have distinct features. In the regime (4,3), 0.042-0.002 for (U’,J)=(16,13), and 0.019
above lineJ=U' the Hund coupling) provides an electronic +0.002 for U’,J)=(32,28), showing that the expected
attractive interaction which competes with tbé repulsion.  spin-gaps are very small in the units that are natural for
In order to have the expected overall repulsive total interHamiltonian Eq(1). Reducing] at fixedU’, the S# 1 region
orbital interactionJ<U’ is required’ In addition, to create s accessed where the on-s@e 1 andS=0 states start mix-
a spin-1 chain, as observed in experiments, a robust Hunigg, producing deviations in the spin correlations from those
coupling is needed. In fact, inside the region labefedl it  of the Heisenberg model.

was observed that the total spin at gitelefined as5;=S;; The introduction of mobile holes in th&=1 region,
+S;,, is to an excellent approximation equal to Ghier any through the reduction of the electronic density, produces the
sitej. This is the region of interest in the present problem. Inmost interesting results of our investigations. In the regime
the regime labele®+ 1, the mean spin is less than 1 sinte of moderate couplings, botd’ andJ less than 10, the pres-
is not sufficiently strond? The frontierS=1-S+#1 has error  ence ofspin incommensuratendencies are clearly observed
bars caused by finite-size effects, estimated from chains witfFig. 2(a)], in a wide range of densities, through the appear-
L=8, 16, and 20 sites. ance of a prominent peak at a momentum different from
In the region of localS=1 states it is necessary to verify No fine tuning of parameters is needed, the effect exists in a
whether a Heisenberg spin-1 chain provides a proper effeavide range of coupling® Note that although experiments
tive model for the system. For this purpose, ground-state spiguggest that the materiabY,CaBaNiOs remains insulating
correlations were calculated for several couplings inside th&pon doping, the observed drastic change in the resistivity
S=1region. As shown in Fig. (b), these correlations behave justifies the use of a metallic description of the compound, as
quite similarly for two typical sets of couplingdJ(,J), and  observed in our studies where charge is not localf2dd.
in addition they are nearly identical to those arising from themay occur that holes in the real material are mobile over
much simpler spin-1 Heisenberg chain model. In both caseseveral lattice spacings, but defects destroy the complete me-
the results at a given distance were averaged over the entitallicity of the samplegsee also Itcet all?).
chain to improve the convergence to the thermodynamic Insight into the origin of the spin IC can be gained by
limit when different OBC system sizes are used. investigating spin correlations in the vicinity of the holes.
Inside theS=1 region, it can be shown that not only the This can be obtained by projecting the hole on a giving site
ground-state properties, but also the low-energy physics adut of the ground state, and then measuring spin correlations
Eq. (1) reduces to the spin-one Heisenberg chain, with araround and across that hole. This projection procedure has
effective antiferromagnetic couplingyeis as an overall been successfully previously applied in studies of models for
scale, which depends od’ and J. This interesting result the cuprate$:!® Figure 3 shows a pictorial representation of
confirms that our model at=2 is realistic. In fact, for sev- a 16 sites system doped with one, two, and four hti@he
eral values of ’,J) and several lattice sizes, the effective holes were projected onto their most probable locations on
Heisenberg coupling,.is was estimated by comparing en- the chain(remember that OBC are usedince hopping is
ergy gaps of Eq(l) with those of the spin-1 Heisenberg restricted within the @8(3z°—r?) orbitals, the projection is
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FIG. 3. Spin correlations for onenE& 1.9375), two =1.875), FIG. 4. Same as Fig. 3 but folJ(,J)=(8,6). Although in all

and four =1.75) holes, doped on a 16 sites systemaR. Gray  cases showis(k) is still incommensurate, the system doped with

circles indicate the sites where the holes were projected at orbital four holes resembles a polaronic lattice, with the holes located at

The thickness of the lines is proportional to the spin bond strengthghe centers of small FM islands.

according to the scale shown. Fadlashed lines indicate ARFM)

bonds. The couplings aréJ(,J)=(4,3). In all cases shown, across- t-J-like models valid at low energi€$,also with expecta-

the-hole bonds are AF arf(k) has spin IC, as in Fig.(@). tions coming from manganite investigations where the rel-
evant densities are close t*1% and it could be tested ex-

always carried out onto orbital 1. After the projection, the perimentally by increasing the hole doping in e 1 chain
spin bond strength&S - S;) were measured fdrandj being compounds.

nearest-neighbor sites, or sites adjacent to the same hole. The|q addition, doping at stronger couplings than those

bond strength is proportional to the thickness of the lineshown in Fig. 2a) producesphase separatiofPS between
connecting the sites in Fig. 3. In that figure, the £&-S;)  hole-rich and hole-poor regions, ¥ is close to the lower
<0 (FM(S-S§;)>0) bonds are represented by a full houndary of thes=1 region of Fig. 1a). This is the case for
(dashedlline. the results shown in Fig.(B). Such PS regime is character-
The results in Fig. 3 were obtained fdy (,J)=(4,3), but  ized by a negative inverse compressibility, the presence of
they are representative of tendencies found in most casefo simultaneous peaks in the spin structure factor at a fixed
studied here, for small and moderate couplings. Across thgstal electronic density, and a tendency to charge clustering
projected holes, the clear presence of AF bonds is observeph the local density. Tendencies toward FM and electronic
It is this 7r shift in the staggered spin pattern that causes th@s found here are similar to those encountered in Kondo-like
incommensurability. Intuitively theser shifts improve the models for the manganité$, and effective models for
mobility of holes. Without them, the hole movement would nickelates:* Manganite models also have two orbitals, but in
lead to the creation of “strings™ of ferromagnetic bonds, addition they contain localizeth, spins. In theS=1 chains
increasing the energy. This across-the-hole structure is remgonsidered here, the orbitax{—y?) is fully occupied, and
niscent of those observed in models for cuprates in 1D ang@lays a role analog to that of those localized spins of Mn
2D,>" with the conceptual difference that the present resultgxides. Then, the tendencies to ferromagnetism observed
exist in the spin-liquid regiménonzero spin gap It appears  here may be caused by a mechanism similar to double ex-
that the local tendency to produce spin IC, in the form ofchange, which could be operative in highly-doped Ni oxides.
across-the-hole AF correlations, is present regardless of the The analysis of the previous paragraphs leads to a second
spin-liquid vs critical or long-range ordered character of thepossible rationalization of the spin IC. As explained before,
spin background. Note that in fact for &1 chain it is  hole doping eventually drives the system into a FM phase.
possible to use the concept of “AF order” in the spin back- But the transition between the IC phase discussed previously
ground as long as the distances considered are smaller thand the FM phase is not always abrupt. Figure 4 contains
the AF correlation length, which for thB=1 Heisenberg results analogous to those of Fig. 3 but now fat'(J)
chain is about six lattice spacings. This is sufficiently large to= (g 6). In all three doped systems discussg() was still
accommodate the small across-the-hole structure observedfigund to be incommensurateln Fig. 4, the spin correlation
our studies. This also suggests that even if holes are localizgshttern when one or two holes are projected to their most
in Y, ,CaBaNiOs, with a distorted region of only a few |ikely position is similar to Fig. 3, but for the case of four
lattice spacing$;!’ it is still possible for holes to generate holes the spin configuration is clearly different. Instead of
spin IC. AF bonds across the holes, a small three-site island of ferro-
The results shown in Fig.(3) are representative of data magnetism is formed around each hole, resembling a mag-
gathered at several couplings, and they not only contain inaetic polaron. The presence of FM polarons was already ob-
formation on spin IC, but on other nontrivial spin patterns, asserved in recent studies of doped two-orbital chains with
well. In particular, it was observed that for a fixetl, the  strong Hund's rule coupling® These polarons are coupled
spin IC survives longer the decrease in electronic density bjn such a way that they generate an overall spin(itCpar-
reducingJ, but eventually gerromagnetic(FM) regime al-  ticular note the way in which the two central polarons are
ways appears if the hole doping is large enough, as shown itoupled antiferromagnetica)ly Then, there is a second
Fig. 2@ where a prominent peak at zero momentum is ob-mechanism to generate spin IC in this context. However,
served at density 1.5. Then, the phase diagram of models faince experimentally no evidence of FM has been repdrted,
dopedS=1 chains must contain a FM phase at low enoughthe first explanation with AF correlations across holes ap-
electronic density. The existence of a competing FM phase ipears more realistic.
in agreement with previous calculations using effective Note that the presence of phase-separation tendencies re-
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veal a source of attraction among holes. Actually, in previous Summarizing, studies of hole-dope&=1 chains show
literaturé! it was already shown that holes attract in a largethat spin incommensurate correlations can be generated in a
region of parameter space, usingl-like models for Ni- realistic modeP* as observed in experiments. The mecha-
chains. This is reasonable, since each hole creates a spism is similar to the phenomenon recently discusse® in
distortion, and sharing distortions reduces the energy. The 1/2 ladders and planes, namely the generation of AF cor-
pairing of holes in a spin-gapped system has before beef@lations across holes to op_timize the hole_moverﬁehts .
documented in models for laddérsand it appears in some €XPected that this mechanism may contribute, at least in
models for dope®=1 chainst! Studies of two-orbital mod- part/>“° to .the.understandm_g of the recently unveiled spin
els have also revealed robust singlet-pair correlatidns. IC tendencies in ¥_,CaBaNiCs.

Then, it is tempting to speculate that the material The authors especially thank G. Xu and C. Broholm for
Y,_xCaBaNiOs may become superconducting upon the ap-useful discussions. A.L.M. acknowledges the financial sup-
plication of pressure, as it happens with the two-leg laddeport from Fundaao de Amparo @esquisa do Estado dedSa
compound[14-24-41. Experimental studies of dopes= 1 Paulo (FAPESP-Brazj. E.D. was supported by Grant No.
chains under high pressure may lead to interesting results.NSF-DMR-9814350.
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