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Charge transport in the hole-doped quasi-one-dimensional model system Y2−xCaxBaNiO5 sxø0.15d is in-
vestigated in the 50–300 K temperature range. The resistivity temperature dependence is characterized by a
constant activation energyEa/kB,1830 K at room temperature whileEa decreases upon cooling. We suggest
thatEa measures the binding energy of the doped holes which form magneto-acoustic polarons when polarizing
the neighboring Ni spins. A semiclassical model is proposed which allows one to relate the electrical measure-
ments and the bulk magnetic susceptibility. This model gives a picture of the spin-charge-lattice relation in this
inhomogeneously doped quasi-1D system and explains its unusual one-particle charge excitation spectrum
close to the Fermi level.
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I. INTRODUCTION

Recent developments in the field of strongly correlated
electron systems provide strong indications that a broad class
of doped transition-metal-oxides exhibits intrinsically inho-
mogeneous electronic states.1,2 Strong interactions in these
materials drive phase separation between regions of distinct
electronic structure or the formation of nanoscale inhomoge-
neities in the form of, e.g., stripes. The study of inhomoge-
neous systems and the identification of spin-charge-lattice
relations are difficult tasks, and it is important to establish
such relations in model materials. Due to their relative sim-
plicity, doped one-dimensional antiferromagnets are good
candidates for such a purpose.

Among these systems, Y2BaNiO5 is an attractive case.
The crystal structure of this quasi-one-dimensional(1D)
Haldane antiferromagnet is built from chains of compressed
apex-sharing NiO6 octahedra running along thez axis.3 De-
spite a significant Nis3d3z2−r2d-Os2pzd orbital interaction,4

this compound is a charge transfer insulator with a gap5 of
2 eV due to strong on-site Coulomb repulsions. The Ni2+

s3d8d S=1 spins are antiferromagnetically coupled along the
chains through Ni-O-Ni superexchange withJAF/kB
,300 K, leading to a spin-liquid ground state with a
Haldane spin gap6,7 DH=100 K. Hole doping in Y2BaNiO5,
which is achieved through off-chain substitution of Ca2+ (or
Sr2+) for Y3+, has motivated many experimental and theoret-
ical works. dc conductivity measurements7 have shown that
the doped hole remains localized. However, no charge order-
ing occurs in this transition metal oxide.8,9 Optical conduc-
tivity measurements have shown an absence of conductivity
at zero energy in the optical spectrum while a charge gap of
the order of 0.3 eV survives the doping.8 Actually, x-ray ab-
sorption spectroscopy(XAS),7,10,11photoemission,5,12as well
as band structure calculations13 have demonstrated that dop-
ing generates new empty states with a mixed Nis3d3z2−r2d
-Os2pzd character in the charge gap. Hole doping of these
antibonding states results in a shortening of the mean Ni-O
distances along the chain direction(z axis).10,14The presence
of localized holes has also a severe influence on the spin

background. It induces a strong ferromagnetic interaction be-
tween the two Ni spins on both sides of the hole,9 and new
magnetic states appear within the spin gap.7,9 These magnetic
states contribute to a low-temperature sub-Curie behavior of
the bulk magnetic susceptibility which depends on the dop-
ing level.15 The overall picture which emerges includes thus
the presence of a hole which locally disturbs the spin chain
by inducing a localized spin polarization(presumably a lat-
tice distortion as well) while the magnetic and electronic
states of the other parts of the chain are kept essentially
unchanged at low doping level.8,9 Indeed transport of such a
localized charge should be influenced by the spin back-
ground. The purpose of this paper is to address this problem.

Here we report dc conductivity measurements of
Y2−xCaxBaNiO5 single crystals and ceramic samples with 0
øxø0.15. The ceramic samples were already studied by
static magnetic susceptibility measurements.15 We argue that
conduction is due to hopping of holes associated with their
polarization cloud and lattice distortion, i.e., magnetoelastic
polarons. This picture is consistent with the spectroscopic
investigations which show an absence of spectral weight at
the Fermi level. We propose a simple model which allows
one to relate the transport properties to the static magnetic
susceptibility of the antiferromagnetic medium. At low dop-
ing, a characteristic size of the polarization cloud of the order
of 3 Ni-Ni distance is extracted from the model while a local
ferromagnetic coupling of the order of 1500 K is found.

II. EXPERIMENTAL DETAILS

Small single crystals of Y2−xCaxBaNiO5+d (x=0, 0.07, and
0.15) are grown using a conventional flux method,16 where
the crystals are furnace cooled at the end of the growth. The
undoped crystalsx=0d is then annealed at 800 °C in air and
quenched to room temperature. The Ca content is determined
by wavelength and energy dispersive x-ray analysis. Four-
probe contacts are made using silver-charged epoxy resin
annealed at 400 °C during one hour. The resulting off-
stoichiometryd is found to be smaller than 0.012(0.006) in
the doped(undoped) crystals. The resistivity is measured in

PHYSICAL REVIEW B 70, 155111(2004)

1098-0121/2004/70(15)/155111(5)/$22.50 ©2004 The American Physical Society70 155111-1



the parallel(z axis) or perpendicular to the chains geometry
with a home made guarded setup which allows resistance
measurements up to 1013 V from room temperature down to
,40 K (measurements at lower temperatures were prohib-
ited by high impedances and by very long time constants).
The results were reproduced on several crystals and they are
in good agreement with published data7,8 above 90 K. Note
that our resistivity measurement setup allowed us to extend
the temperature range of the measurements down to,40 K,
i.e., below the spin gap temperature. Measurements under
quasihydrostatic pressure were performed in a Bridgman
type cell with tungsten carbide anvils and steatite as the pres-
sure transmitting medium. Ceramic samples withx in the
range 0.05–0.15 were prepared and characterized as de-
scribed in Ref. 10. The electrical resistances of rectangular
shaped sintered pellets were measured by using the four-
probe method described above.

III. RESULTS AND DISCUSSION

A. Transport properties

As shown in Fig. 1, the resistivity along the chain axisri

of the undoped sample follows an activated temperature de-
pendence lnsrid~Eg/2kBT with Eg<0.7 eV. This energy is
much lower than the charge transfer gaps<2 eV5d but it is
comparable toEg<0.6 eV found in Ref. 7. Indeed this be-
havior is attributed to the weak oxygen off-stoichiometry
which persists in the sample as in many transition metal
oxides despite the annealing treatment. ActuallyEg strongly
depends on the way thex=0 sample was treated. The data
reported here correspond to our most insulating crystal.

Doping does not result in a metallic state as shown in Fig.
1 for x=0.07 orx=0.15. It is in agreement with the localized
nature of the doped holes already mentioned. A 1D character
of the electrical transport is inferred from the resistivity an-
isotropy ratiori /rperp,60 at 300 K which reflects the 1D
chain structure of the material. We tried to apply a quasihy-
drostatic pressure on the sample in order to recover a pos-
sible metallic state as in the spin ladder Sr0.4Ca13.6Cu24O41
where superconductivity appears upon pressure.17 However,

as shown in the inset of Fig. 1 for thex=0.15 single crystal,
neither metallicity nor superconductivity is found when ap-
plying pressure up to 70 kbar. Instead, the pressure applica-
tion does not significantly affect the resistivity of the sample.

At ambient pressure, the resistivity of the Ca-doped com-
pounds is lowered by several orders of magnitude at low
temperature as compared with the undoped sample resistiv-
ity. Indeed it is associated with a new temperature depen-
dence of the resistivity. It is quite interesting to note that this
temperature dependence is the same for all our doped
samples whether they are single crystals or ceramic samples.
This is shown in upper panel of Fig. 2 where the effective
activation energyEasTd=dlnsrd /ds1/Td is plotted versus
temperature for the single crystal(x=0.07 andx=0.15) and
the ceramic samples(x=0.5, 0.10, and 0.15). Within the ex-
perimental uncertainties, all the dependencies fall on the
same curve. The same trend is observed in the literature7,8

where the temperature dependence of the resistivity is de-
scribed within the quasi-1D Mott’s variable range hopping
(VRH) model. VRH yieldsr=r0 expsT0/Tda with a=1/2 in
1D. A similar functional dependence can also describe our
data in the same temperature range, i.e., between 100 and
250 K. Still there are several reasons for which we believe
that VRH is not adequate to describe our results. The bottom
panel of Fig. 2 showsEasTd versusT in logarithmic scales
for the single crystal samples. In this representation, a VRH
dependence appears as a linear part whose slope givess1

FIG. 1. Temperature dependence of the resistivity of
Y2−xCaxBaNiO5 single crystals(x=0, 0.07, and 0.015) in the direc-
tion parallelri or perpendicularr' to the chains. Inset: Pressure
dependence ofri for the Y1.85Ca0.15BaNiO5 sample.

FIG. 2. Upper panel: Effective activation energyEasTd versusT
for the x=0.07 andx=0.15 single crystal samples and for thex
=0.5, 0.10, and 0.15 ceramic samples. Bottom panel:EasTd versus
T for the single crystal samples in log-log scales. The straight lines
represent lnsrd~ sT0/Tda variations.
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−ad. As shown in the figure, while VRH witha,1/2 can be
inferred between 100 and 250 K in agreement with Refs. 7
and 8 extending the temperature range of measurements to
lower temperatures requires thata decreases continuously
below 100 K while a simple activated behaviorsa=1d is
observed above,250 K. Indeed attributing this complex
temperature dependence to 3D VRHsa=1/4d below 100 K
followed by 1D VRH sa=1/2d up to 250 K and then by
simple activation withEa/kB.1800 K close to room tem-
perature is highly questionable. This plot rather suggests that
transport does not occur through VRH at all. Let us remind
the reader that VRH is a low-temperature process which is
valid only below a fraction of the Debye temperature. This is
obviously not the case in the present temperature range. It
also requires a constant and finite density of states at the
Fermi level for which there is no spectroscopic evidence in
these compounds.

Alternatively Fig. 2 may suggest that hole transport oc-
curs with a constant activation energyEa which corresponds
to a gapE=23Ea.0.34 eV close to the charge gap ob-
served in Ref. 8 above 250 K while the activation energy is
reduced below 250 K. We argue here that the doped holes
form magnetoelastic polarons. In this temperature range,
transport of such dressed charges should occur through mul-
tiphonon hopping which gives an activated dependence with
Ea given by half of the binding energy. For temperatures
smaller than the antiferromagnetic(AF) superexchange con-
stant of the undoped systemTAF=JAF/kB,285 K, short
range AF correlations develop which reduces the binding
energy henceEa. Indeed, this picture is supposed to give the
same binding energy for the polarons whatever the doping
level as long as the physics of these species is kept constant.
It is in agreement with the unique temperature dependence
found here in our samples whatever the doping level.

B. Semiclassical model

Hereafter, we derive a simple 1D model in order to de-
scribe the main physics of the charge transport. As suggested
by theoretical and experimental works,9,18 we consider that
each doped hole introduces a strong local ferromagnetic
(FM) interactionJ1 within the antiferromagnetic chain. We
also assume that the FM interaction polarizes the surround-
ing Ni2+ moments over a distanceR along the chain. The
drastic reduction of the resistivity observed experimentally
upon doping suggests that the holes are not confined to
single, isolated sites but delocalized over several lattice spac-
ings.J1 has to be larger thanJAF in order the polarization to
occur. Following Mott,19 the energy of the polaron is thus
given by

E =
"2p2

2mR2 −
Ve

R
− J1 + W2

R

a
, s1d

where the first term is the kinetic energy, the second term is
the elastic energy gain in a continuous medium approxima-
tion, the third one is the FM magnetic energy gain, the last
one reflects the cost of polarizingR/a moments in the AF
chain(W2 is thus the AF exchange energy at 0 K,a being the
Ni-Ni distance along the chain). The elastic term accounts

for the shortening of the Ni-O distance within the polaron, in
agreement with the observed shortening of thea cell param-
eter with hole doping.14 In absence of magnetic interactions
sJ1=JAF=0d, the sizeR0 of the (purely acoustic) polaron is
obtained by minimizingE with respect toR. It gives a bind-
ing energyE0="2p2/ s2mR0

2d. The size of the magnetoelastic
polaron is obtained in the same way. In the limit of small
differences, R1.R0s2b+2d / s3b+2d is found where b
=sW2R0/ad /E0 measures the strength of the AF cost normal-
ized to the binding energy of the acoustic polaron. The bind-
ing energy(if positive) is thus given by

E1

E0
= −

1

y2 +
2

y
+

J1

E0
− by, s2d

wherey=R1/R0 is of the order of unity. Equation(2) is valid
if E1.0. Indeed, it shows that the magnetoelastic polaron is
more stable than the purely acoustic one if the FM energy
gain J1 overcomes the AF energy costW2R/a.

Let us now discuss the situation at finite temperature. As
soon as the temperature is higher than the spin gap of the
undoped compound, the AF energy cost is reduced and the
binding energy increases with increasing temperature. This is
true as long asT,TAF. When T.TAF (but for T,J1/kB),
one should expect that the binding energy remains constant.
According to this argument, Fig. 2 reflects the temperature
dependence of the polaron binding energyE1 sEa=1/2 E1d,
with a constant binding energy aboveTAF. Below TAF, the
binding energy decreases with the temperature due to in-
creasing AF energy cost. If correct, it means that the trans-
port properties should be related to the magnetic ones.

C. Relation between transport and magnetic properties

It was not possible to measure the magnetic susceptibility
of the single crystal samples studied here because of their
size. The magnetic susceptibilities of the ceramic samples
with 0øxø0.20 are presented and discussed in details
in Ref. 15. Briefly summarized, the undoped compound sus-
ceptibility is characteristic of the AFS=1 Haldane chain
above 30 K, with a thermally activated regimexH
~T−1/2 exps−D /Td and a broad maximum close to 380 K.
Below 30 K, a Curie contribution attributed to a slight off-
stoichiometry shows up. While the susceptibility is only
slightly affected by hole doping forT.TAF, a strong en-
hancement of the susceptibility is observed at lower tempera-
tures that masks the thermally activated regime. Obviously
this enhancement results from the introduction of holes onto
the chain and it is related to the new magnetic states which
appear inside the Haldane gap.9

The upper panel of Fig. 3 shows the temperature depen-
dence of the static magnetic susceptibilityxexp of the x
=0.05 Ca doped sample. BelowT,100 K, xexp diverges
when the temperature decreases. It has been shown15 that
xexp follows a sub-Curie paramagnetic behaviorxpw~T−g

with g,0.6 below 30 K. This sub-Curie behavior is the sig-
nature of low-energy magnetic excitations that exist within
and between polarons through theS=1 background and it
reflects the contribution of the polarons with their polariza-
tion cloud. The remaining part of the susceptibilityxAF
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=xexp−xpw is due to the contribution of the AF sea. Below
,200 K, this contribution can be described by the Haldane
xH term. This indicates that the polarons contribution is dis-
connected from the AF sea contribution at low doping level.
Above 300 K, i.e., forT.TAF, the compound recovers the
expected mean-field paramagnetic behavior. The threexexp,
xpw, and xAF contributions are shown in Fig. 3 for thex
=0.05 sample.

It is important to note that is not possible to separate the
AF sea and the polaron contributions for higher doping rates
sxù0.10d. In this case, even if a sub-Curie behavior can still
be identified in a limited temperature range at low
temperatures15 xexp−xpw does not follow thexH temperature
dependence. It suggests that the polarons contribution cannot
be disconnected from the AF sea contribution. It is likely that
the isolated polaron model is inadequate due to significant
interactions among polarons and possible overlaps of their
polarization clouds which may give additional contributions
to xexp−xpw.

Let us now try to relate the magnetic properties and the
transport properties. Using a classical spins picture in the
temperature range of investigations50 K,T,300 Kd, we
can phenomenologically describe the increase ofxAF as be-
ing due to a progressive departure of an AF order(see inset
of upper panel of Fig. 3). We introduce a phenomenological
angleu such thatxAF~ sinsud with u=0 in the singlet ground
state whileu increases asT increases(but belowTAF). The
same approximation allows to quantify the AF energy cost of
Eq. (2) which is given by

W2sTd = JAFSi ·Si+1 , W2s0dcoss2ud. s3d

W2sTd should be zero atTAF wherexAF is normalized. Here,
sinsud is obtained by normalizingxAF at room temperature.

Equation(3) shows thatW2sTd~xAF
2 . It is thus possible to

relate the resistivity activation energy to the magnetic sus-
ceptibility throughEa=A+BxAF

2 . The bottom panel of Fig. 3
presents the activation energy versus sin2sud~xAF

2 for the x
=0.05 ceramic sample(black squares). Because of the lim-
ited temperature range for the determination ofEa for this
sample, we add the activation energy data of thex=0.07
single crystal sample(white dots). This comparison of the
two data sets is justified sinceEa is found to be rather insen-
sitive to the doping level in the 0.05øxø0.15 range(see
Fig. 2 and Sec. III A). A linear relationship betweenEa and
sin2sud is clearly obeyed at least above,80 K. It is shown as
a solid line on the figure.

Physical informations can be extracted from theA andB
coefficients. They are found to be 850±50 and 950±50 K,
respectively. Within this model,kBB=W2s0dR1/a and 2kBA
=s−1/y2+2/ydE0+J1−kBB. Assuming that W2s0d /kB

=JAF/kB,300 K gives the size of the polaronR1
,3.1±0.1a wherea is the Ni-Ni distance along the chain.
FromR1 and withy=2/3 (limiting value), the elastic energy
gain of the acoustic polaron isE0/kB,1500 K. We can thus
deduced fromA the value of the ferromagnetic interaction
J1/kB,1550±150 K. It can be compared to the theoretical
results of Ref. 18 which gives a ferromagnetic interaction
between the spin of a Zhang-Rice doublet and its nearest-
neighbor Ni spin of the order of 3000 K.

D. Discussion

Of course, the model derived through Eqs.(1)–(3) is
clearly oversimplified. It is based on a semiclassical estimate
of the energy. It is also a pure 1D model which neglects all
the interchain interactions as well as the polaron-polaron in-
teractions. The magnetic moments are considered in a clas-
sical way. Since we restrict ourselves to the 50–300 K tem-
perature range and to the lowest doping level investigated
here, we believe that these approximations are quite reason-
able. Another issue is the microscopic nature of the polariza-
tion cloud surrounding the doped hole. At low temperature
when the carriers are completely frozen, inelastic neutron
scattering(INS) experiments of Xuet al.9 provide evidence
for an incommensurate double-peaked structure factor for the
low-energy magnetic states created by hole doping. The in-
commensurability cannot be ascribed to inhomogeneous spin
and charge ordering in the form of stripes as observed in 2D
underdoped cuprates and nickelates,2 for example. Xuet al.9

argue that the holes doped into the chain are located in oxy-
gen orbitals, and they induce an effective ferromagnetic in-
teraction between the Ni spins on both sides of the hole. Spin
incommensurability arises even without hole order because
of the antiferromagnetic polarization clouds that develop
around the holes, with the sizes of the AF droplets controlled
by the correlation length of the Haldane chain
(,6a at 0 K). Within this static low-temperature picture, the
lattice is not coupled to the spin and charge degrees of free-
dom and the AF cost of the polaron corresponds to the cre-
ation of staggered magnetization within a spin-liquid state.

The approach followed in this paper was to define a fully
ferromagnetic polarization cloud associated with an elastic

FIG. 3. Upper panel: Temperature dependence of the magnetic
susceptibilityxexp of the x=0.05 ceramic sample. Data taken from
Ref. 15. The solid lines represent the polaronssxpwd and the AF
spin backgroundsxAFd contributions. Bottom panel: Relationship of
the effective activation energy of thex=0.05 ceramic (black
squares) andx=0.07 crystal(white dots) samples with the magnetic
susceptibility of the AF spin background of thex=0.05 ceramic
sample.
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deformation (magnetoacoustic polaron) extending over a
variable distanceR into the chain. This allowed us to account
for the magnetic energy cost due to hole doping in a simple
way. Anyhow, the existence of magnetoelastic polarons may
explain the unusual low-energy spectral features in the one-
particle charge excitation spectrum of Y2−xCaxBaNiO5. In
contrast with other doped nickelates and cuprates, no finite
spectral weight appears in optical conductivity8 and
photoemission5,12 measurements atEF. In these experiments
excitation of the polaronic charge releases the polarization
energy which is not recovered in the excited state(or at least
not in the same way). Hence, there is no low-energy spectral
weight despite a finite density of states at the Fermi level.
Actually, a similar conclusion was drawn by Itoet al.8 who

suggests that the low-energy gap in the optical conductivity
arises from the bound nature of the holes.

IV. SUMMARY

In summary, transport properties of the hole doped
Haldane chain Y2−xCaxBaNiO5 have been investigated down
to low temperatures. We argue that transport is due to hop-
ping of magnetoelastic polaronic holes. We propose a simple
and semiclassical model which allows us to relate the trans-
port properties to the magnetic ones and which explains the
unusual spectroscopic features close to the Fermi level. It
gives a simple picture of the spin-charge-lattice relation as-
sociated with inhomogeneous charge doping in a quasi-1D
model system.
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