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We propose an electronic model for the recently discovered hole doped compeu@ayBaNiOs.
From a multiband Hamiltonian with oxygen and nickel orbitals, a one band model is discussed. Holes
are described using Zhang-Rice-lilse= ! states at the nickels propagating or§a= 1 spin chain.
Using numerical techniques to calculate the dynamical spin structure feto®) in a realistic regime
of couplings, spectral weight in the Haldane gap is observed in agreement with neutron scattering data.
The case of static defects relevant for Zn-doped chains is also discussed. Ferromagnetic states at high

hole mobility are favored in our model, contrary to what occurs in the-IDnodel.

PACS numbers: 75.25.+z, 75.10.Jm, 75.50.Ee

Spin-liquid ground states in Heisenbe§g= 1 chains H = — Z tpda(djmpj,, + h.c) + Udanfnfj
and § = % ladders have been studied theoretically as (ij).0.a ia
paradigms of disordered nonclassical systems [1,2]. These L L Q.
spin models can be physically realized in several com- s ;n"m’l " A;n’ lJH““dllZS’l Siz-
pounds. An important issue is the effect of hole doping ' 1)
on these systems. Theoretical studies of daped % lad-
ders have shown that the spin gap survives in the pres- (j) denotes Ni (O) sites.a = 1 (2) corresponds to
ence of holes, and that the spin-gapped phase is favoraktiee Ni orbitalsds,>—,> (dy>—,2). The Coulomb repulsion
for superconductivity [2]. Behavior indicating a spin gapis U; (U,) at the Ni (O) sites, and\ is the charge-
has also been observed experimentally in some underdopé@nsfer energy.d,,. are hole operators corresponding
high-T. cuprates. However, the case of the dofee 1  to a Ni site, spino and orbitale, while p;, are O-hole
chains has been considered only very recently in the coreperators. The last term in Eqg. (1) isfarromagnetic
text of theS = 1 metal oxide Y,BaNiOs[3]. Lightlydop-  coupling between the Ni holes on different orbitals (using
ing this compound with Ca introduces hole carriers in thes; , = d;fagdia/z), which enforces Hund’s rule. This
chains. Two remarkable experimental features were obterm is important to produce the expect®d= 1 state in
served upon doping, namely, (i) the reduction of the reNj2*. From an analysis of LNi,_,O, it was found that
sistivity p,. by several orders of magnitude, and (ii) the A = 6.0 eV, U; = 9.5 eV, andU, = 4.6 eV [8]. Since
creation of states inside the Haldane gap as revealed by ip7, > A then the compound is in the charge-transfer

elastic neutron scattering (INS) data [4]. ~ regime [9]. Juuna is Obtained from aNiO)'*~ cluster
To understand these in-gap statepin systems with  [10] where the energy differenc@/uual) between the
site or bond impurities have been recently proposeds = 134 andtheS = 0'E levelsis 1.3 eV. The hopping

[5]. Holes are assumed to be so strongly localized tha&mplitudes are,q; = 1.3 eV andr,s = 0.75, according
their mobility is neglected. In a more recent approachyo a cluster calculation [11,12].
dynamics was provided to the holes [6] but the Ni- The study of mobile holes in model Eq. (1) is a difficult
Ni exchange/ was assumed larger than both the holetask since the energy scale is eV, while the interesting
hopping amplitude and the short-bond NiO exchangephysics for Y,BaNiOs occurs at thes scale of about
which is unrealistic. While studying these limits is 30 meV. Thus we need to construct an effective low-
instructive since gap states are produced, the drastignergy Hamiltonian from Eq. (1) as Zhang and Rice did
reduction in p,. observed experimentally upon doping in their reduction of the 2D multiband Hubbard model to
[4] suggests that holes may be mobile over lengths ofhe -7 model [13]. In Y,_,CaBaNiOs holes populate
several lattice spacings. Thus here we proplose a nevkygens [4], and they have a strong exchadgewith
model for Y, ,Ca,BaNiOs with fully mobileS = 5 holes  neighboring Ni. This may lead to low-energy states with
interacting with S = 1 spins, which is studied using § — % or S = % after the oxygens = % hole mixes
realistic couplings. with neighboringS = 1 spins. To study this effect, we
In Ni** surrounded by oxygengs.:—,» andd,.—: are  solved a small cluster O-Ni-O described by Eq. (1) in the
the two active orbitals [7]. Then, as a Hamiltonian for thethree-hole subspace (two of them producing the Nk 1,
Ni-O chains in the hole notation we propose and the other providing an extra oxygen hole). From
the spectrum, and using the parameters given before,
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we indeed found & = % ground state, with the = % Thus based on the diagonalization of the O-Ni-O
state located~1.3 eV higher. This energy difference is cluster, symmetry considerations, and assuming that the
robust even if the parameters of Eq. (1) are modifiedlominant hopping process is between NN Ni sites, we
within acceptable windows to account for experimentalarrive at a one-band Hamiltonian:
uncertainties. Next, to proceed a la Zhang-Rice we should H = sti -8, — tZPif(Si . gj + %). 2)
construct a basis of orthogonal Wannier orbitals from the i an
doublet ground state of the three-hole O-Ni-O cluster, andrhe first term is the Heisenberg interaction arising from
from it derive ar-J-like model. Although we have not Eq. (1) at half-filling and strong coupling. It only affects
done this explicitly [14], it is intuitively clear that the the § = 1 spins. Calculating/ directly from Eq. (1)
effective model will be dominated by states centevety s difficult, and thus here we simply take the exchange
at the Ni sites which can b& = 1 (“spins”) or § = 5 from experiments, i.eJ = 0.03 eV. The second term in
(*holes”) [15]. Thus in our model the study of carriers on Eq. (2) is explicitly rotationally invariant and it acts only
Y,_.CaBaNiOs amounts to the analysis 6f = % hole-  when spins 1 ané share a link. P;; simply permutes the
like states in arf = 1 background [16]. Note that recent two spins. The notatio; = (3}(,3},,@) is used in the
#SR data indeed show that the carriers héive % [17]. hopping term to indicate that this spin operator can act
~ To obtain the allowed hole hopping processes it isover boths = 1 and 5 states depending on what spin is
important to remember the composite character of thgocated at site. Their action is the standard for a spin
S =5 hole state. To guide the intuition a graphical operator. For exampIeSfolmf =1, mt= _%> =
rgpresentation i? useful [Fig. 1(a)]. The Ipw—energy states/3 |, = o, ms = +%>. It is natural to assume that the
with § = 1 and; located on nearest-neighbor (NN) Ni regjistic coupling regime is > J although we have not
sites are actual!y represented as five_ hole_s (four in the Ni geriveds andJ from Eq. (1) [19]. Note that the Wannier
shells and one in the @ shell) on a Ni-O-Ni cluster. The qrpjtals used in Refs. [13,14] will be more spread in 1D
dashed line signals a possible singlet b?tween the O hol@an in 2D, and this implies that next-nearest-neighbor
and one of the Ni holes, producingSa= 5 state as was (NNN) hopping processes are more important in our NiO
described before. However, it is clear that the Ni partnemodel than in the 20-J model. However, there is no
of the oxygen hole can be easily switched from right toreason to expect that the qualitative features of the model
left producing an effective hopping process of the= 5 will change with the addition of NNN hole hoppings, and
low-energy state as shown in Fig. 1(a). Other hoppingshus we neglect these terms here. Only when accurate
do not correspond to a mere interchange of the states, bphotoemission experiments become available might the
a spin flip can also occur. Exploring all possibilities, it relevance of NNN hoppings become important for a
can be shown that the allowed processes are those liste@liantitative description of the hole dispersion. Note also
in Fig. 1(b) (plus their spin reversed analogs). Thesehat the hopping term in Eq. (2) is formally written like
hopping terms have also been derived by Zaanen and Oléise hopping reported in Ref. [6]. This is simply due
[18] using more formal arguments in their complementaryto rotational invariance. The Hamiltonian of Ref. [6]
analysis of triplet holes moving in & = % background. contains both O and Ni orbitals, with a phenomenological
direct O-O hopping, which makes their approach similar
to “spin-fermion” models for the cuprates. Our scenario,

@ N o N ) however, is similar to ther=J” family of high-T. theories.
An accurate analysis of 1D Hamiltonians like Eq. (2)
+ . can be done using exact diagonalization (ED) techniques
A o N Rl /21> [20,21]. With this method, we first calculated the disper-
Initial —'l‘— I SRS N2 inos sion ofonehole e(g), using model Eq. (2) [see Fig. 2(a)].
_— €(g) is not symmetric with respect to/2, contrary to sys-
S=1r2 S=1 0.-1/25 112,05 tems with antiferromagnetic order. The minimug, at
+ t/J = 2.0is atw /3 for the chain used in Fig. 2(a). Inthe
_1;_ bulk limit we expect thatmi, will move with continuity as
Final T a function ofz/J. While the hole ground state at magt
_1‘_ — values hass = % the states close t9 = 7 haveS = %
s=1 s=172 i.e., the band in Fig. 2(a) is actually made out of two energy

. : . levels with different spins. In the ran@es = r/J < 4.0,
FIG. 1. (a) Graphical representation of a hopping process aﬁ1e bandwidthv is apgroximately(o.z—%i)J [F/ig. 2(b)]

explained in the text; (b) Allowed hopping processes in model
Eq. (2). The numbers in the ket represent thprojection of ~ I-€., much smaller than th& ~ 2J reported for holes
theS =1 and% spin states of Eq. (2) at two arbitrary sites in 2D § = % antiferromagnets [20]. Several of these
and j, respectively. P;; 1 in Eq. (2) enforces thabsenceof the features could be observed in angle-resolved photoemis-
hopping |1, —1/2) — | = 1/2,1). The spin projectiononly ~ Sion experiments. The peculiar dynamics of Eq. (2) is
change byl /2 or —1/2 at each site. responsible for the abnormally smal. Such a large
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FIG. 3. (a) Energy of the excitation with the highest intensity

FIG. 2. (a) e(g) on an N = 12 chain with one hole and , ¢(. ") [parameters as in Fig. 2(c)]. The full squares denote
periodic boundary conditions (PBC) using Eq. (2). The energy, ea(kcé’l LE]% Il as they evoh?e v(\nt)g] with theqerror bars

is measured with respect to the lowest-energy state. Open (fuIBe resentina their width. The oben squares are the one-maanon
circles correspond to/J = 0.5 (2.0). (b) Hole bandwidthiw e%k positign onav = 14 undogeds q: 1 Heisenberg modelg

[energy difference between the highest and lowest energy iy, ppc. (b) S(7, w) for the undopedS = 1 Heisenberg

€(q)] vs 1/J on the N =12 chain. (c) S(w, ) of model  n4e| on a 12 sites chain with OBC. The meanin

. - - . g of
Eq. (2) with 7/J = 2.0, N =12, one hole and PBC. The i o neaks is discussed in the text. (c) Energyqvef the
meaning of peaks | and Il is discussed in the text. In the 'nse}elevant low-energy states (8 sites chain with PBC and one
§(m/2, w) is shown for the same set of parameters. hole). Open squares and circles denote the states Sith

focti ) h q hole localizati é and%, respectively, discussed in the textzdtl = 0.2. Full
effective mass increases the tendency to hole localizatio : 1 3
guares and circles correspond to the same 5 and 5 states,

providing a natural explanation for the lack of true metal-respective|y but in the realistic regime ot/ = 2.0.
licity in Y ,_,Ca.BaNiOs and in doped 2D nickelates. ’

Figure 2(c) shows the dynamical spin structure factor N
S(, ) at a nominal hole density = % ~ 0.083 and correspor_1d_s to the transition betweer_l thandT stgtes
t/J = 2.0 calculated with ED [22] (in the computation of (W€ explicitly checked that the main contribution to
this quantity the spin-flop operator affects both the- 1~ Peak Il in Fig. 3(b) comes from spins located near the

and S = % degrees of freedom). The qualitative agree—endSOf the§ = 1 chain). Note that.m F'g'.S(b) It seems
ment with the INS data reported for,Y,Ca BaNiOs [4] strange that the strength of peak Il is relatively large since

atx ~ 0.04-0.10 is clear [23]. The spectrum shows two it should vanish in the bulk recovering the Haldane gap

main features: peak | caused by spin excitations in th€0'4j (peak ). We believe the reason is that the “size

S = 1 chain away from the hole, and peak Il induced by©f the S = ; end states is-6 lattice spacings [26] and
the addition of as = % hole. To justify these identifi- thus only whenv > 12 (or the density of hole defects is

. 1/12) will the contribution of theS-T transition be
cations, let us study the dependence of peaks | and Il * < . . . .
[Fig. 3(a)]. SinceS(g, w) at finite x has fine structure in negligible. This leads us to predict that fenc doping

energy in addition to the two main peaks [see inset of 0.10, substantial_weight inside th_e Haldane gap
Fig. 2(c)], the results shown in Fig. 3(a) are just roughShOUId be observed with neutron scattering as for the case

estimations, but we believe the main qualitative feature f Ca doping (experiments thus far have been done only

are robust. Clearly peak | follows closely the position of °" Y ~ 0.04 [4]). . o
the one-magnon gx?:itation observed inyundopp‘eel= 1 To understand the results of Fig. 2(c), it is Ilkely.that.
chains, while peak Il is virtually dispersionless. Both we need the low-energy end states of the severed Ni chain

eaks rapidlv lose intensity when moving awav fr in combination with thes = % hole. Recently, Penc and
in agreement with INS [4] results where only—  pro-  Shiba [6] emphasized this point to describe the physics of
vided a large signal for the hole-induced band [24]. as§ = ; hole at an O between Ni's in the low mobility

Since INS experiments have been carried out als69imes < J of their multiband model. We believe a
with zinc doping [4], which only provides defects to the Similar reasoning can be applied for tife= 5 Zhang-
chains but not carriers, it is important to studyg, o) Rice doublet between nickels. For a ring witheven the
for a Heisenberg chain witlopen boundary conditions €nd states of the spin chain are in a triplet state separated
[Fig. 3(b)]. At the ends of the chain, it is well known by a small gap from the Singleg [27]-3 This triplet couples
that extended = 1 states are formed which are coupledto theS = ; hole formings = ; and; states, split by a
forming singletqS) and triplets(T’), becoming degenerate nonzeror/J [28]. For low-mobility holes theS = % state
as N — «. These states are best understood using thkas the lowest energy [6], as in Fig. 3(c) @/ = 0.1.
valence bond theory of Refs. [25,26]. Peak Il in Fig. 3(b)It is remarkable that increasing/J to realistic values
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(highly-mobile holes) we have here observed that the[9] J. Zaaneret al., Phys. Rev. Lett55, 418 (1985).

energy difference between these states remains a fracti¢t0] M.E. Lines, Phys. Rev164 736 (1967) (see Fig. 2).

of J [see Fig. 3(c) at/J = 2.0]. Although KNiF; is studied, with Ni surrounded by F, the
Finally, note that as/J increases further, the kinetic energy levels of Ni" do not change much in an oxygen

energy becomes dominant and the hole prefers to be su[rl—l] cage [A. Fujimori (private communication)].

. . . J. van Elpet al., Phys. Rev. B45, 1612 (1992); J. Bala,
rounded by a cloud of ferromagnetically aligned spins. A. Oles and J. Zaanen, Phys. Rev. Lete, 2600 (1994)

- . . 3
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is not unrealisticu SR results indicat§ = 5 holes in the tronic Structure and the Properties of Solid®over
actual NiO doped chains [17], and thus phenomenologi-  Publications, Inc., New York, 1980)] wherg = 0.71 A
cally we should work in the regime/J < 5.74. Never- is a typical d-orbital size in N and d = 1.885 A is

theless, it is interesting that model Eq. (2) tends to favor  the Ni-O distance in ¥BaNiOs (Ref. [3]. This approach
ground state ferromagnetism contrary to what occurs in  givesr,; = 1.5 eV.

the 1D7-J model. We also found that studyimgo holes  [13] F. Zhang and T. M. Rice, Phys. Rev.3, 3759 (1988).
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