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We propose an electronic model for the recently discovered hole doped compound Y22xCaxBaNiO5.
From a multiband Hamiltonian with oxygen and nickel orbitals, a one band model is discussed.
are described using Zhang-Rice-likeS  1

2
states at the nickels propagating on aS  1 spin chain.

Using numerical techniques to calculate the dynamical spin structure factorSsq, vd in a realistic regime
of couplings, spectral weight in the Haldane gap is observed in agreement with neutron scatterin
The case of static defects relevant for Zn-doped chains is also discussed. Ferromagnetic states
hole mobility are favored in our model, contrary to what occurs in the 1Dt-J model.

PACS numbers: 75.25.+z, 75.10.Jm, 75.50.Ee
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Spin-liquid ground states in HeisenbergS  1 chains
and S 

1
2 ladders have been studied theoretically

paradigms of disordered nonclassical systems [1,2]. Th
spin models can be physically realized in several co
pounds. An important issue is the effect of hole dop
on these systems. Theoretical studies of dopedS 

1
2 lad-

ders have shown that the spin gap survives in the p
ence of holes, and that the spin-gapped phase is favo
for superconductivity [2]. Behavior indicating a spin g
has also been observed experimentally in some underd
high-Tc cuprates. However, the case of the dopedS  1
chains has been considered only very recently in the c
text of theS  1 metal oxide Y2BaNiO5 [3]. Lightly dop-
ing this compound with Ca introduces hole carriers in
chains. Two remarkable experimental features were
served upon doping, namely, (i) the reduction of the
sistivity rdc by several orders of magnitude, and (ii) t
creation of states inside the Haldane gap as revealed b
elastic neutron scattering (INS) data [4].

To understand these in-gap states,spin systems with
site or bond impurities have been recently propo
[5]. Holes are assumed to be so strongly localized
their mobility is neglected. In a more recent approa
dynamics was provided to the holes [6] but the N
Ni exchangeJ was assumed larger than both the h
hopping amplitude and the short-bond NiO exchan
which is unrealistic. While studying these limits
instructive since gap states are produced, the dra
reduction in rdc observed experimentally upon dopin
[4] suggests that holes may be mobile over lengths
several lattice spacings. Thus here we propose a
model for Y22xCaxBaNiO5 with fully mobileS 

1
2 holes

interacting with S  1 spins, which is studied usin
realistic couplings.

In Ni21 surrounded by oxygens,d3z22r2 anddx22y2 are
the two active orbitals [7]. Then, as a Hamiltonian for t
Ni-O chains in the hole notation we propose
ore,
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i s jd denotes Ni (O) sites.a  1 s2d corresponds to
the Ni orbitalsd3z22r2 sdx22y2d. The Coulomb repulsion
is Ud sUpd at the Ni (O) sites, andD is the charge-
transfer energy. disa are hole operators corresponding
to a Ni site, spins and orbitala, while pjs are O-hole
operators. The last term in Eq. (1) is aferromagnetic
coupling between the Ni holes on different orbitals (usi
Sia  d

y
iasdiay2), which enforces Hund’s rule. This

term is important to produce the expectedS  1 state in
Ni21. From an analysis of LixNi12xO, it was found that
D  6.0 eV, Ud  9.5 eV, andUp  4.6 eV [8]. Since
Ud . D then the compound is in the charge-trans
regime [9]. JHund is obtained from asNiOd102 cluster
[10] where the energy differencesjJHundjd between the
S  1 3A and theS  0 1E levels is 1.3 eV. The hopping
amplitudes aretpd1  1.3 eV andtpd2  0.75, according
to a cluster calculation [11,12].

The study of mobile holes in model Eq. (1) is a difficu
task since the energy scale is eV, while the interest
physics for Y2BaNiO5 occurs at theJ scale of about
30 meV. Thus we need to construct an effective lo
energy Hamiltonian from Eq. (1) as Zhang and Rice d
in their reduction of the 2D multiband Hubbard model
the t-J model [13]. In Y22xCaxBaNiO5 holes populate
oxygens [4], and they have a strong exchangeJ 0 with
neighboring Ni. This may lead to low-energy states w
S 

1
2 or S 

3
2 , after the oxygenS 

1
2 hole mixes

with neighboringS  1 spins. To study this effect, we
solved a small cluster O-Ni-O described by Eq. (1) in t
three-hole subspace (two of them producing the NiS  1,
and the other providing an extra oxygen hole). Fro
the spectrum, and using the parameters given bef
© 1996 The American Physical Society 1731
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we indeed found aS 
1
2 ground state, with theS 

3
2

state located,1.3 eV higher. This energy difference
robust even if the parameters of Eq. (1) are modifi
within acceptable windows to account for experimen
uncertainties. Next, to proceed à la Zhang-Rice we sho
construct a basis of orthogonal Wannier orbitals from
doublet ground state of the three-hole O-Ni-O cluster,
from it derive at-J-like model. Although we have no
done this explicitly [14], it is intuitively clear that th
effective model will be dominated by states centeredonly
at the Ni sites which can beS  1 (“spins”) or S 

1
2

(“holes”) [15]. Thus in our model the study of carriers o
Y22xCaxBaNiO5 amounts to the analysis ofS 

1
2 hole-

like states in anS  1 background [16]. Note that recen
mSR data indeed show that the carriers haveS 

1
2 [17].

To obtain the allowed hole hopping processes it
important to remember the composite character of
S 

1
2 hole state. To guide the intuition a graphic

representation is useful [Fig. 1(a)]. The low-energy sta
with S  1 and 1

2 located on nearest-neighbor (NN) N
sites are actually represented as five holes (four in thed
shells and one in the Op shell) on a Ni-O-Ni cluster. The
dashed line signals a possible singlet between the O
and one of the Ni holes, producing aS 

1
2 state as was

described before. However, it is clear that the Ni part
of the oxygen hole can be easily switched from right
left producing an effective hopping process of theS 

1
2

low-energy state as shown in Fig. 1(a). Other hoppi
do not correspond to a mere interchange of the states
a spin flip can also occur. Exploring all possibilities,
can be shown that the allowed processes are those l
in Fig. 1(b) (plus their spin reversed analogs). Th
hopping terms have also been derived by Zaanen and́
[18] using more formal arguments in their complement
analysis of triplet holes moving in aS 

1
2 background.

FIG. 1. (a) Graphical representation of a hopping proces
explained in the text; (b) Allowed hopping processes in mo
Eq. (2). The numbers in the ket represent thez projection of
the S  1 and 1

2
spin states of Eq. (2) at two arbitrary sitesi

andj, respectively. Pij
1

2
in Eq. (2) enforces theabsenceof the

hopping j1, 21y2l ! j 2 1y2, 1l. The spin projectionsonly
change by1y2 or 21y2 at each site.
1732
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Thus based on the diagonalization of the O-Ni-
cluster, symmetry considerations, and assuming that
dominant hopping process is between NN Ni sites, w
arrive at a one-band Hamiltonian:

H  J
X
kijl

Si ? Sj 2 t
X
kijl

PijsŜi ? Ŝj 1
1
2 d . (2)

The first term is the Heisenberg interaction arising fro
Eq. (1) at half-filling and strong coupling. It only affect
the S  1 spins. CalculatingJ directly from Eq. (1)
is difficult, and thus here we simply take the exchan
from experiments, i.e.,J  0.03 eV. The second term in
Eq. (2) is explicitly rotationally invariant and it acts only
when spins 1 and12 share a link. Pij simply permutes the
two spins. The notation̂Si  sŜx , Ŝy , Ŝzd is used in the
hopping term to indicate that this spin operator can a
over bothS  1 and

1
2 states depending on what spin i

located at sitei. Their action is the standard for a spi
operator. For example,̂S2

i Ŝ1
j jmz

i  1, mz
j  2

1
2 l 

p
2 jmz

i  0, mz
j  1

1
2 l. It is natural to assume that the

realistic coupling regime ist . J although we have not
derivedt andJ from Eq. (1) [19]. Note that the Wannier
orbitals used in Refs. [13,14] will be more spread in 1
than in 2D, and this implies that next-nearest-neighb
(NNN) hopping processes are more important in our N
model than in the 2Dt-J model. However, there is no
reason to expect that the qualitative features of the mo
will change with the addition of NNN hole hoppings, an
thus we neglect these terms here. Only when accur
photoemission experiments become available might
relevance of NNN hoppings become important for
quantitative description of the hole dispersion. Note al
that the hopping term in Eq. (2) is formally written like
the hopping reported in Ref. [6]. This is simply du
to rotational invariance. The Hamiltonian of Ref. [6
contains both O and Ni orbitals, with a phenomenologic
direct O-O hopping, which makes their approach simil
to “spin-fermion” models for the cuprates. Our scenari
however, is similar to the “t-J” family of high-Tc theories.

An accurate analysis of 1D Hamiltonians like Eq. (2
can be done using exact diagonalization (ED) techniqu
[20,21]. With this method, we first calculated the dispe
sion ofoneholeesqd, using model Eq. (2) [see Fig. 2(a)]
esqd is not symmetric with respect topy2, contrary to sys-
tems with antiferromagnetic order. The minimumqmin at
tyJ  2.0 is atpy3 for the chain used in Fig. 2(a). In the
bulk limit we expect thatqmin will move with continuity as
a function oftyJ. While the hole ground state at mostq
values hasS 

1
2 , the states close toq  p haveS 

3
2 ,

i.e., the band in Fig. 2(a) is actually made out of two ener
levels with different spins. In the range0.5 # tyJ # 4.0,
the bandwidthW is approximatelys0.2 0.3dJ [Fig. 2(b)],
i.e., much smaller than theW , 2J reported for holes
in 2D S 

1
2 antiferromagnets [20]. Several of thes

features could be observed in angle-resolved photoem
sion experiments. The peculiar dynamics of Eq. (2)
responsible for the abnormally smallW . Such a large
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FIG. 2. (a) esqd on an N  12 chain with one hole and
periodic boundary conditions (PBC) using Eq. (2). The ene
is measured with respect to the lowest-energy state. Open
circles correspond totyJ  0.5 s2.0d. (b) Hole bandwidthW
[energy difference between the highest and lowest energ
esqd] vs tyJ on the N  12 chain. (c) Ssp , vd of model
Eq. (2) with tyJ  2.0, N  12, one hole and PBC. Th
meaning of peaks I and II is discussed in the text. In the in
Sspy2, vd is shown for the same set of parameters.

effective mass increases the tendency to hole localiza
providing a natural explanation for the lack of true met
licity in Y 22xCaxBaNiO5 and in doped 2D nickelates.

Figure 2(c) shows the dynamical spin structure fac
Ssp, vd at a nominal hole densityx 

1
12 , 0.083 and

tyJ  2.0 calculated with ED [22] (in the computation o
this quantity the spin-flop operator affects both theS  1
and S 

1
2 degrees of freedom). The qualitative agre

ment with the INS data reported for Y22xCaxBaNiO5 [4]
at x , 0.04 0.10 is clear [23]. The spectrum shows tw
main features: peak I caused by spin excitations in
S  1 chain away from the hole, and peak II induced
the addition of aS 

1
2 hole. To justify these identifi-

cations, let us study theq dependence of peaks I and
[Fig. 3(a)]. SinceSsq, vd at finite x has fine structure in
energy in addition to the two main peaks [see inset
Fig. 2(c)], the results shown in Fig. 3(a) are just rou
estimations, but we believe the main qualitative featu
are robust. Clearly peak I follows closely the position
the one-magnon excitation observed in undopedS  1
chains, while peak II is virtually dispersionless. Bo
peaks rapidly lose intensity when moving away fromp,
in agreement with INS [4] results where onlyq  p pro-
vided a large signal for the hole-induced band [24].

Since INS experiments have been carried out a
with zinc doping [4], which only provides defects to th
chains but not carriers, it is important to studySsq, vd
for a Heisenberg chain withopen boundary conditions
[Fig. 3(b)]. At the ends of the chain, it is well know
that extendedS 

1
2 states are formed which are coupl

forming singletssSd and tripletssT d, becoming degenerat
as N ! `. These states are best understood using
valence bond theory of Refs. [25,26]. Peak II in Fig. 3(
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FIG. 3. (a) Energy of the excitation with the highest intens
in Ssq, vd [parameters as in Fig. 2(c)]. The full squares deno
peaks I and II as they evolve withq, with the error bars
representing their width. The open squares are the one-mag
peak position on aN  14 undopedS  1 Heisenberg model
with PBC. (b) Ssp , vd for the undopedS  1 Heisenberg
model on a 12 sites chain with OBC. The meaning
the peaks is discussed in the text. (c) Energy vsq of the
relevant low-energy states (8 sites chain with PBC and o
hole). Open squares and circles denote the states withS 
1

2
and 3

2
, respectively, discussed in the text attyJ  0.2. Full

squares and circles correspond to the sameS  1

2
and 3

2
states,

respectively, but in the realistic regime oftyJ  2.0.

corresponds to the transition between theS and T states
(we explicitly checked that the main contribution t
peak II in Fig. 3(b) comes from spins located near t
endsof theS  1 chain). Note that in Fig. 3(b) it seem
strange that the strength of peak II is relatively large sin
it should vanish in the bulk recovering the Haldane g
,0.4J (peak I). We believe the reason is that the “siz
of the S 

1
2 end states is,6 lattice spacings [26] and

thus only whenN ¿ 12 (or the density of hole defects i
x ø 1y12) will the contribution of theS-T transition be
negligible. This leads us to predict that forzinc doping
y , 0.10, substantial weight inside the Haldane g
should be observed with neutron scattering as for the c
of Ca doping (experiments thus far have been done o
for y  0.04 [4]).

To understand the results of Fig. 2(c), it is likely th
we need the low-energy end states of the severed Ni ch
in combination with theS 

1
2 hole. Recently, Penc and

Shiba [6] emphasized this point to describe the physics
a S 

1
2 hole at an O between Ni’s in the low mobility

regime t ø J of their multiband model. We believe
similar reasoning can be applied for theS 

1
2 Zhang-

Rice doublet between nickels. For a ring withN even,the
end states of the spin chain are in a triplet state separ
by a small gap from the singlet [27]. This triplet couple
to theS 

1
2 hole formingS 

1
2 and 3

2 states, split by a
nonzerotyJ [28]. For low-mobility holes theS 

1
2 state

has the lowest energy [6], as in Fig. 3(c) attyJ  0.1.
It is remarkable that increasingtyJ to realistic values
1733
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(highly-mobile holes) we have here observed that t
energy difference between these states remains a frac
of J [see Fig. 3(c) attyJ  2.0].

Finally, note that astyJ increases further, the kinetic
energy becomes dominant and the hole prefers to be
rounded by a cloud of ferromagnetically aligned spin
On theN  12 chain, the hole state withS 

3
2 becomes

the ground state attyJ , 5.74. Although this coupling
is not unrealistic,mSR results indicateS 

1
2 holes in the

actual NiO doped chains [17], and thus phenomenolo
cally we should work in the regimetyJ , 5.74. Never-
theless, it is interesting that model Eq. (2) tends to fav
ground state ferromagnetism contrary to what occurs
the 1Dt-J model. We also found that studyingtwo holes
on a ten-site chain (densityx 

2
10 , 0.20), the Haldane

gap remnants are difficult to identify inSsq, vd. This
prediction can be tested experimentally by increasingx in
Y22xCaxBaNiO5 beyond the current limitx  0.10.

Summarizing, a model formobile carriers in NiO
chains was here proposed.Ssq, vd shows states in the
Haldane gap in agreement with neutron scattering da
We believe that theories where holes are modeled as s
impurities can be distinguished from the dynamical hol
approach described here by measuring the optical c
ductivity. The present theory would predict a substa
tial weight inside the charge transfer gap upon dopi
since holes are highly mobile and finitev precursors of
Drude peaks should appear in severed NiO chains.
nally note that the variable-range-hopping behavior (no
clean metal) observed in the resistivity measurements
may be due to the relevance of a small amount of im
purities in 1D systems. We expect that our Hamiltonia
will reproduce features of the NiO doped chains tested
finite energies and length scales where holes seem d
calized. The combined effect of interaction and disord
in the system studied here certainly deserves further wo
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