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Magnetoelastic polarons in the hole-doped quasi-one-dimensional model system_YCa,BaNiOs
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Charge transport in the hole-doped quasi-one-dimensional model syste@aBaNiOs (x<0.15 is in-
vestigated in the 50—300 K temperature range. The resistivity temperature dependence is characterized by a
constant activation enerdy,/kg~ 1830 K at room temperature while, decreases upon cooling. We suggest
thatE, 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 background. It induces a strong ferromagnetic interaction be-
tween the two Ni spins on both sides of the hbkmd new
Recent developments in the field of strongly correlatedmagnetic states appear within the spin g8Fhese magnetic
electron systems provide strong indications that a broad clasgates contribute to a low-temperature sub-Curie behavior of
of doped transition-metal-oxides exhibits intrinsically inho- the bulk magnetic susceptibility which depends on the dop-
mogeneous electronic statesStrong interactions in these ing level® The overall picture which emerges includes thus
materials drive phase separation between regions of distinghe presence of a hole which locally disturbs the spin chain
electronic structure or the formation of nanoscale inhomogeby inducing a localized spin polarizatigpresumably a lat-
neities in the form of, e.g., stripes. The study of inhomoge+ice distortion as we)l while the magnetic and electronic
neous systems and the identification of spin-charge-latticetates of the other parts of the chain are kept essentially
relations are difficult tasks, and it is important to establishunchanged at low doping levéP.Indeed transport of such a
such relations in model materials. Due to their relative simqocalized charge should be influenced by the spin back-
plicity, doped one-dimensional antiferromagnets are goo@round. The purpose of this paper is to address this problem.
candidates for such a purpose. Here we report dc conductivity measurements of
Among these systems,,BaNiOs is an attractive case. Y, CaBaNiOs single crystals and ceramic samples with 0
The crystal structure of this quasi-one-dimensioiBlD)  <x<0.15. The ceramic samples were already studied by
Haldane antiferromagnet is built from chains of compressedtatic magnetic susceptibility measureméfté/e argue that
apex-sharing Ni@ octahedra running along theaxis® De-  conduction is due to hopping of holes associated with their
spite a significant NBd,2_2)-O(2p,) orbital interactiorf,  polarization cloud and lattice distortion, i.e., magnetoelastic
this compound is a charge transfer insulator with a°g#fp  polarons. This picture is consistent with the spectroscopic
2 eV due to strong on-site Coulomb repulsions. Thé*Ni investigations which show an absence of spectral weight at
(3d®) S=1 spins are antiferromagnetically coupled along thethe Fermi level. We propose a simple model which allows
chains through Ni-O-Ni superexchange witldar/kg  one to relate the transport properties to the static magnetic
~300 K, leading to a spin-liquid ground state with a susceptibility of the antiferromagnetic medium. At low dop-
Haldane spin gdjy’ A,=100 K. Hole doping in ¥BaNiOs, ing, a characteristic size of the polarization cloud of the order
which is achieved through off-chain substitution of?Céor  of 3 Ni-Ni distance is extracted from the model while a local
Sr*) for Y3+, has motivated many experimental and theoretferromagnetic coupling of the order of 1500 K is found.
ical works. dc conductivity measuremehtsave shown that
the doped hole remains localized. However, no charge order-
ing occurs in this transition metal oxidé.Optical conduc-
tivity measurements have shown an absence of conductivity Small single crystals of ¥,,CaBaNiOs, s (x=0, 0.07, and
at zero energy in the optical spectrum while a charge gap d8.15 are grown using a conventional flux methtdyhere
the order of 0.3 eV survives the dopifdctually, x-ray ab-  the crystals are furnace cooled at the end of the growth. The
sorption spectroscopXAS),” 1% photoemissior;'?as well  undoped crystalx=0) is then annealed at 800 °C in air and
as band structure calculatiddsrave demonstrated that dop- quenched to room temperature. The Ca content is determined
ing generates new empty states with a mixed3Mi2_2) by wavelength and energy dispersive x-ray analysis. Four-
-O(2p,) character in the charge gap. Hole doping of theseprobe contacts are made using silver-charged epoxy resin
antibonding states results in a shortening of the mean Ni-@nnealed at 400 °C during one hour. The resulting off-
distances along the chain directiGmaxis).'%4The presence stoichiometrys is found to be smaller than 0.012.006 in
of localized holes has also a severe influence on the spithe dopedundoped crystals. The resistivity is measured in

Il. EXPERIMENTAL DETAILS
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FIG. 1. Temperature dependence of the resistivity of
Y »-CaBaNiOs single crystalgx=0, 0.07, and 0.015n the direc-
tion parallel p, or perpendiculaip, to the chains. Inset: Pressure C 1000
dependence g, for the Y, g<Ca 18aNiOs sample. = s
&
the parallel(z axis) or perpendicular to the chains geometry <3 600
with a home made guarded setup which allows resistance 5‘:" 400
measurements up to () from room temperature down to o x=0.07, crystal
~40 K (measurements at lower temperatures were prohib- o x=0.15, crystal
ited by high impedances and by very long time conspants . ’
The results were reproduced on several crystals and they are 200 60 80 100 200 300
in good agreement with published databove 90 K. Note T(K)
that our resistivity measurement setup allowed us to extend
the temperature range of the measurements downd K, FIG. 2. Upper panel: Effective activation energy(T) versusT

i.e., below the spin gap temperature. Measurements undér the x=0.07 andx=0.15 single crystal samples and for tke
quasihydrostatic pressure were performed in a Bridgmaf0.5, 0.10, and 0.15 ceramic samples. Bottom paBgT) versus
type cell with tungsten carbide anvils and steatite as the preg-for the single crystal samples in log-log scales. The straight lines
sure transmitting medium. Ceramic samples witlin the  represent ltp) o« (To/T)* variations.

range 0.05-0.15 were prepared and characterized as de- . . . .
scribed in Ref. 10. The electrical resistances of rectangula"fls shown in the inset of Fig. 1 for the=0.15 single crystal,

shaped sintered pellets were measured by using the foup_either metallicity nor superconductivity is found when ap-

probe method described above. 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-
Ill. RESULTS AND DISCUSSION 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-
As shown in Fig. 1, the resistivity along the chain agjs dence of the resistivity. It is quite interesting to note that this
of the undoped sample follows an activated temperature déemperature dependence is the same for all our doped
pendence Ifp)) = Ey/2kgT with E;~0.7 eV. This energy is samples whether they are single crystals or ceramic samples.
much lower than the charge transfer gap2 e\®) but itis  This is shown in upper panel of Fig. 2 where the effective
comparable tdE;~0.6 eV found in Ref. 7. Indeed this be- activation energyE,(T)=dIn(p)/d(1/T) is plotted versus
havior is attributed to the weak oxygen off-stoichiometry temperature for the single crystegd=0.07 andx=0.15 and
which persists in the sample as in many transition metathe ceramic samplex=0.5, 0.10, and 0.)5Within the ex-
oxides despite the annealing treatment. Actullystrongly ~ perimental uncertainties, all the dependencies fall on the
depends on the way the=0 sample was treated. The data same curve. The same trend is observed in the literatture
reported here correspond to our most insulating crystal.  where the temperature dependence of the resistivity is de-
Doping does not result in a metallic state as shown in Figscribed within the quasi-1D Mott's variable range hopping
1 for x=0.07 orx=0.15. It is in agreement with the localized (VRH) model. VRH yieldsp=pg exp(To/T)* with &=1/2 in
nature of the doped holes already mentioned. A 1D charactelD. A similar functional dependence can also describe our
of the electrical transport is inferred from the resistivity an-data in the same temperature range, i.e., between 100 and
isotropy ratio p;/ pperp~ 60 at 300 K which reflects the 1D 250 K. Still there are several reasons for which we believe
chain structure of the material. We tried to apply a quasihythat VRH is not adequate to describe our results. The bottom
drostatic pressure on the sample in order to recover a poganel of Fig. 2 show&,(T) versusT in logarithmic scales
sible metallic state as in the spin laddeg &a3LCw40,4;  for the single crystal samples. In this representation, a VRH
where superconductivity appears upon pressUHowever, dependence appears as a linear part whose slope (fives

A. Transport properties
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- a). As shown in the figure, while VRH witk~1/2 can be  for the shortening of the Ni-O distance within the polaron, in
inferred between 100 and 250 K in agreement with Refs. greement with the observed shortening ofdheell param-
and 8 extending the temperature range of measurements @er with hole doping? In absence of magnetic interactions
lower temperatures requires thatdecreases continuously (J;=Jar=0), the sizeR, of the (purely acoustig polaron is
below 100 K while a simple activated behavioe=1) is  obtained by minimizingz with respect tdR. It gives a bind-
observed above-250 K. Indeed attributing this complex ing energyEO:hzﬂzl(ZmF%). The size of the magnetoelastic
temperature dependence to 3D VR&=1/4) below 100 K  polaron is obtained in the same way. In the limit of small
followed by 1D VRH (a=1/2) up to 250 K and then by differences, Ry=Ry(28+2)/(3B+2) is found where B8
simple activation withE,/kg=1800 K close to room tem- =(W,Ry/a)/E, measures the strength of the AF cost normal-
perature is highly questionable. This plot rather suggests thated to the binding energy of the acoustic polaron. The bind-
transport does not occur through VRH at all. Let us reminding energy(if positive) is thus given by

the reader that VRH is a low-temperature process which is
valid only below a fraction of the Debye temperature. This is =—-S+-+2_pgy, 2)
obviously not the case in the present temperature range. It = y?

y Eo
also requires a constant and finite density of states at t.r\?/herey:RllRO is of the order of unity. Equatiof®) is valid

Fermi level for which there is no spectroscopic evidence ing E,> 0. Indeed, it shows that the magnetoelastic polaron is

thejﬁ;g;ﬁ/ﬂrnﬁ' 2 mav sugaest that hole transport OC_more stable than the purely acoustic one if the FM energy
y "9 y sugg P gain J; overcomes the AF energy codtR/a.

curs with a constant activation energy which corresponds Let us now discuss the situation at finite temperature. As

to a gapE=2XE,;=0.34 eV close to the charge gap ob- - ;

! ; e . soon as the temperature is higher than the spin gap of the
served in Ref. 8 above 250 K while the activation energy is .
reduced below 250 K. We argue here that the doped hol undoped compound, the AF energy cost is reduced and the

form magnetoelastic polarons. In this temperature rangeﬁmdmg energy increases with increasing temperature. This is

ue as long ag <Tr. WhenT>T,e (but for T<<J;/kg),
transport of such dressed charges should occur through muf- - shouldgexpect ta;t the bindingAFerEergy remainé cg)nstant
tiphonon hopping which gives an activated dependence Wita\ '

E, given by half of the binding energy. For temperatures
smaller than the antiferromagnetisF) superexchange con- with a constant binding energy abola.. Below Tae, the

stant of the undoped syste:=Ja-/ks ~285 K, short binding energy decreases with the temperature due to in-

range AF correlations de\_/elo_p Whl?h reduces the .bmdm%reasing AF energy cost. If correct, it means that the trans-
energy hencé,. Indeed, this picture is supposed to give theé)ort properties should be related to the magnetic ones.

same binding energy for the polarons whatever the dopin
level as long as the physics of these species is kept constant.
It is in agreement with the unique temperature dependence

E_ 1.2 3

ccording to this argument, Fig. 2 reflects the temperature
dependence of the polaron binding eneky(E,=1/2 E,),

C. Relation between transport and magnetic properties

found here in our samples whatever the doping level. It was not possible to measure the magnetic susceptibility
of the single crystal samples studied here because of their
B. Semiclassical model size. The magnetic susceptibilities of the ceramic samples

Hereafter. we derive a simple 1D model in order to de_with 0=x=<0.20 are presented and discussed in details
’ P in Ref. 15. Briefly summarized, the undoped compound sus-

Ecnt%eect)?:til:;lr;ﬁgys;cseﬁmgﬁtgﬁvrg?r%tégavcngcr)tﬁsﬁ\jesrut%%?t% ptibility is characteristic of the AFS=1 Haldane chain
e)a/\ch doved hole i tp d t ' local f t.above 30 K, with a thermally activated regimgy
[doped hole Introduces a strong local 1eMromagnett t-1/2 gy A/T) and a broad maximum close to 380 K.
(FM) interactionJ; within the antiferromagnetic chain. We low 30 K. a Curi tributi tributed t liaht off-
also assume that the FM interaction polarizes the surrounqBe ow » a burie contribution atlributed 1o a stight o
ing Ni2* moments over a distand® along the chain. The stoichiometry shows up. While the susceptibility is only

X ) oy . slightly affected by hole doping fol >Txg, a strong en-
drastic reduction of the resistivity observed EXpe”mema”yEa%ce)r/nent of the gusceptibilﬁy?sobservgz at Iower%empera—

upon doping suggests that the holes are not confined t: : : .
single, isolated sites but delocalized over several lattice spa ures that masks the thermally activated regime. Obviously

PG5, a1 o e e It rcr e oatzalon o 1 SIT"CTE sl o he nodctonof o o
occur. Following Mott!® the energy of the polaron is thus 9

appear inside the Haldane gap.

given by The upper panel of Fig. 3 shows the temperature depen-
h2m? V, R dence of the static magnetic susceptibiligy,, of the x
E= MR R Jit W257 (1) =0.05 Ca doped sample. Below~ 100 K, Xexp diverges

when the temperature decreases. It has been Sfdwat
where the first term is the kinetic energy, the second term ig.,, follows a sub-Curie paramagnetic behavigg,«T™”
the elastic energy gain in a continuous medium approximawith y~ 0.6 below 30 K. This sub-Curie behavior is the sig-
tion, the third one is the FM magnetic energy gain, the lashature of low-energy magnetic excitations that exist within
one reflects the cost of polarizir®/a moments in the AF  and between polarons through tBe1 background and it
chain(W, is thus the AF exchange energy at Oddeing the  reflects the contribution of the polarons with their polariza-
Ni-Ni distance along the chainThe elastic term accounts tion cloud. The remaining part of the susceptibiligg
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Equation(3) shows thatW,(T)« x4. It is thus possible to
relate the resistivity activation energy to the magnetic sus-
ceptibility throughE,=A+ BXE\F- The bottom panel of Fig. 3
presents the activation energy versug(gy xir for the x
=0.05 ceramic samplélack squares Because of the lim-
ited temperature range for the determinationEgffor this
sample, we add the activation energy data of xix0.07
single crystal sampléwhite doty. This comparison of the
T(K) two data sets is justified sindg, is found to be rather insen-
C sitive to the doping level in the 0.85x=<0.15 range(see
Fig. 2 and Sec. lll A. A linear relationship betweel, and
sir?() is clearly obeyed at least above80 K. It is shown as
a solid line on the figure.
5008 " x=0.05 Physical informations can be extracted from thend B

°  x=0.07 crystal coefficients. They are found to be 850+£50 and 950+50 K,
respectively. Within this modekgB=W,(0)R;/a and XgA
=(-1/y?+2/y)Eq+J;-kgB. Assuming that W,(0)/kg
=Jar/kg~300 K gives the size of the polarorR;
~3.1+0.1a wherea is the Ni-Ni distance along the chain.
susceptibility ye, Of the x=0.05 ceramic sample. Data taken from IErom R, and withy=2/3 (limiting value), the elastic energy

Ref. 15. The solid lines represent the polarccmgw) and the AF gain of the acoustic polaron Ey/kg~1500 K. We _Can thqs
spin backgroundyag) contributions. Bottom panel: Relationship of deduced fromA the value of the ferromagnetic interaction

the effective activation energy of the=0.05 ceramic(black Ji/ks~1550£150 K. It can be compared to the theoretical
squaresandx=0.07 crysta{white dotg samples with the magnetic results of Ref. _18 which gives a ferromagnetic Interaction
susceptibility of the AF spin background of the=0.05 ceramic between the spin of a Zhang-Rice doublet and its nearest-
sample. neighbor Ni spin of the order of 3000 K.

¥ (10° emwmol)
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FIG. 3. Upper panel: Temperature dependence of the magneti

= Xexp~ Xpw IS due to the contribution of the AF sea. Below ) )

~200 K, this contribution can be described by the Haldane D. Discussion

xn term. This indicates that the polarons contribution is dis-  of course, the model derived through Eq&)<3) is

connected from the AF sea contribution at low doping level.jearly oversimplified. It is based on a semiclassical estimate

Above 3d00 K, "?:' I':jorT>TAF' the.cobmﬁou.nd rﬁc]:overs the of the energy. It is also a pure 1D model which neglects all

expected mean- Ite'b garamagnetrllc € 'av:gr. 3?, tl?%ﬁi the interchain interactions as well as the polaron-polaron in-

)—(’E)ngr;arﬁApFlecon ributions -are shown in =1g. > for teractions. The magnetic moments are considered in a clas-

TR ' . . sical way. Since we restrict ourselves to the 50—300 K tem-
It is important to note that Is not possm'le 0 separate the eratureyrange and to the lowest doping level investigated

AF sea and the polaron contributions for higher doping rate ere, we believe that these approximations are quite reason-

(x=0.10. In this case, even if a sub-Curie behavior can still i i . . ;
be identified in a limited temperature range at low able. Another issue is the microscopic nature of the polariza-

temperature$ Xexi— Xpw d0€S NOt follow they,; temperature tion cloud surr_ounding the doped hole. At !ow temperature
dependence. it suggests that the polarons contribution canngfién the carriers are completely frozen, inelastic neutron
be disconnected from the AF sea contribution. It is likely thatSCattering(INS) experiments of Xt al.? provide evidence
the isolated polaron model is inadequate due to significarfof an incommensurate double-peaked structure factor for the
interactions among polarons and possible overlaps of thelPW-energy magnetic states created by hole doping. The in-
polarization clouds which may give additional contributionscommensurability cannot be ascribed to inhomogeneous spin
10 Xexp™ Xpw- and charge ordering in the form of stripes as observed in 2D
Let us now try to relate the magnetic properties and theinderdoped cuprates and nickelatésr example. Xuet al®
transport properties. Using a classical spins picture in thargue that the holes doped into the chain are located in oxy-
temperature range of investigatidB0 K<T<300 K), we  gen orbitals, and they induce an effective ferromagnetic in-
can phenomenologically describe the increasggfas be- teraction between the Ni spins on both sides of the hole. Spin
ing due to a progressive departure of an AF orgere inset  incommensurability arises even without hole order because
of upper panel of Fig. B8 We introduce a phenomenological of the antiferromagnetic polarization clouds that develop
angled such thatyar > sin(6) with =0 in the singlet ground around the holes, with the sizes of the AF droplets controlled
state whilef increases a3 increasegbut belowT,r). The by the correlation length of the Haldane chain
same approximation allows to quantify the AF energy cost of ~6a at 0 K). Within this static low-temperature picture, the

Eq. (2) which is given by lattice is not coupled to the spin and charge degrees of free-
_ ] - dom and the AF cost of the polaron corresponds to the cre-

WolT) = JeS - Sieg ~ Wo(0)cOS26). 3) ation of staggered magnetization within a spin-liquid state.

W,(T) should be zero daf e Where yar is normalized. Here, The approach followed in this paper was to define a fully

sin(6) is obtained by normalizingar at room temperature. ferromagnetic polarization cloud associated with an elastic
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deformation (magnetoacoustic polarprextending over a suggests that the low-energy gap in the optical conductivity
variable distanc® into the chain. This allowed us to account arises from the bound nature of the holes.

for the magnetic energy cost due to hole doping in a simple

way. Anyhow, the existence of magnetoelastic polarons may IV. SUMMARY

explain the unusual low-energy spectral features in the one- |, summary, transport properties of the hole doped

particle charge excitation spectrum 0% ¥CaBaNiOs. I Hajgane chain ¥.,CaBaNiOs have been investigated down
contrast with other doped nickelates and cuprates, no finitg, |ow temperatures. We argue that transport is due to hop-
spectral weight appears in optical conducti¥ittand  ping of magnetoelastic polaronic holes. We propose a simple
photoemission'? measurements &g. In these experiments and semiclassical model which allows us to relate the trans-
excitation of the polaronic charge releases the polarizatioport properties to the magnetic ones and which explains the
energy which is not recovered in the excited stateat least unusual spectroscopic features close to the Fermi level. It
not in the same way Hence, there is no low-energy spectral gives a simple picture of the spin-charge-lattice relation as-
weight despite a finite density of states at the Fermi levelsociated with inhomogeneous charge doping in a quasi-1D
Actually, a similar conclusion was drawn by l&t al® who ~ model system.
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