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Intermediate spin state of Co3¿ and Co4¿ ions in La0.5Ba0.5CoO3 evidenced
by Jahn-Teller distortions
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From high resolution neutron and synchrotron powder diffraction studies performed on the ideal cubic
perovskite compound La0.5Ba0.5CoO3, we have observed the onset of a long-range tetragonal phase accompa-
nying a para-ferromagnetic transition atTC;180 K. The lowering of the crystal symmetry is the direct
signature of a cooperative and static Jahn-Teller~JT! distortion of the CoO6 octahedra. The JT effect is favored
by the intermediate spin-state configuration,t2g

5 eg
1 and t2g

5 eg
1 L, of the Co31(d6) and Co41(d5) species occur-

ring in the structure. At TC , the material exhibits a sudden increase of metallicity and a substantial peak in the
magnetoresistivity. When further cooling down, the gradual ordering of thed3z22r2 orbitals leads to a metal-
insulator-like transition atTMI;120 K.

DOI: 10.1103/PhysRevB.65.060401 PACS number~s!: 75.30.Vn, 61.12.2q, 71.30.1h, 75.25.1z
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Perovskite-like oxides of formulaA12xAx8BO3 (A is a
trivalent lanthanide,A8 a divalent alkaline, andB a 3d tran-
sition metal! have always attracted considerable interest
cause of their fascinating physical properties. The last dec
was marked by the discovery of colossal magnetoresisti
~CMR! in manganates which led to an extensive~re-! inves-
tigation of B5Mn, Co, and Ni systems. Here, we prese
diffraction and transport properties measurements perfor
on La0.5Ba0.5CoO3. This compound is a particular case of th
more general family of layered perovskite-based syste
LBaCo2O51d (L5 lanthanide, 0<d<1) which have been
subject of increasing number of studies recently.1 Mainly
since highest magnetoresistivity~MR! ratios ever observed
in Co-based oxides have been reported inLBaCo2O5.4 (L
5Eu,Gd!.2 In their stoichiometric form,d51, LBaCo2O51d
joins the class of perovskite-like oxides and is therefore
lated to LaCoO3 and its holed-doped derivative
La12xAx8CoO3, A85Ca,Sr,Ba. These latter compounds a
particularly intriguing since they display several changes
their electronic and magnetic properties as function
temperature3 and/or divalent substitution.4 The rich magnetic
and electronic phase diagram of LaCoO3 results from the
close values of the crystal field splitting,Dc f , and of the
exchange energy,Dex , for Co31 (3d6) ions in octahedral
environment. Thus, either the low-spin~LS! (t2g

6 eg
0 ,S50) or

the intermediate-spin~IS! (t2g
5 eg

1 ,S51) configuration ap-
pears energetically more favorable than the Hund’s rule p
dicted high-spin~HS! state (t2g

4 eg
2 ,S52).5 In the hole-doped

compounds, La12xAx8CoO3, the complexity of the system i
further increased by the occurrence of Co41 (3d5) ions
which are susceptible to exist in several spin-state confi
rations as well.6–8

The several possible electronic configurations of cob
ions in La12xAx8CoO3 are generally either indirectly inferre
from magnetic and/or transport properties measuremen3,4

or predicted from density functional calculations.5–8 Alterna-
tively, electron and/or x-ray spectroscopy studies allow
deeper understanding of this problem, particularly in stre
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ing out the strong hybridization of Co ions in octahed
environment.7,8 Although appearing as the best tools f
probing electronic configurations of transition metal e
ments, soft x-ray spectroscopic techniques are unfortuna
not applicable in our case because of coinciding Ba and
absorption edges. On the other hand, the impact of the e
tronic configuration on the crystal structure, although no
negligible, appears much weaker and is therefore hardly
tectable experimentally. For example, although display
successive magnetic and electronic transitions up to 125
LaCoO3 does not exhibit relevant structural phase transit
as was clearly stated from latest neutron diffracti
measurements9 which, however, partially contradicted prev
ous x-ray studies.10 Note that the reported structural trans
tions, R3̄c
R3̄, mainly focused on the possible~alterna-
tively dynamical short-range or static long-range! ordering of
LS-CoIII and HS-Co31 species coexisting at selected tem
peratures.

In order to explain the strength of the observed magn
moments, the assumption was made that the IS-Co31 state
might also be present in La12xAx8CoO3. Goodenough ini-
tially developed this hypothesis within an itinerant 3d elec-
tron picture.11 Recently, Korotin et al. concluded from
LDA1U calculations to a stable IS ground state above
critical Co-O bond length.5 Moreover, this IS configuration
can alternatively develop an orbital ordered phase leadin
a nonmetallic state~gapless semiconductor!. Since the
IS-Co31, but IS-Co41 (t2g

4 eg
1) as well, are expected to b

strong Jahn-Teller~JT! ions, assessment on the electron
configuration of the cobalt ions in La12xAx8CoO3 could also
be done from the observation of an hypothetical JT-indu
distortion. So far, onlyisolated local tetragonal distortions
have been observed in such systems by elec
microscopy12 or infrared spectroscopy.13 Here, we report on
the onset of a long-range tetragonal phase belowTC
;180 K in La0.5Ba0.5CoO3. The ferrodistortive transition re
sults from the cooperative static Jahn-Teller distortion of
CoO6 octahedra which appears only possible when assum
©2001 The American Physical Society01-1
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Co31 and Co41 ions in intermediate spin state. This pictu
is supported by the magnetic structure and the thermal
pendence of the resistivity.

The La0.5Ba0.5CoO3 sample was synthesized using t
same method as described in Ref. 14 to prod
LaBaMn2O51d (d50,1). Here, however, we additionally an
nealed the sample under 100 bars O2 atmosphere. The oxy
gen stoichiometry of our sample was found to be 3.0
60.005 from Rietveld refinement of room temperature n
tron powder diffraction data. The crystallographic structu
in the temperature range 1.5–300 K was determined u
high-resolution neutron~NPD! and synchrotron~SPD! pow-
der diffraction techniques. High-resolution NPD data we
collected on the diffractometer D2B (l51.594 Å) of the
Institute Laue-Langevin~ILL ! in Grenoble. SPD measure
ments were performed at the European Synchrotron Ra
tion Facility ~ESRF! in Grenoble on BM16 (l50.4912 Å,
l50.5985 Å) and the Swiss-Norwegian beamlinel
50.6004 Å). The magnetic properties of La0.5Ba0.5CoO3
were followed from both NPD data collected on the hig
intensity diffractometer D1B of the ILL (l52.52 Å) and
from magnetization measurement using a vibrating magn
meter. Electrical resistance was measured down to 4 K with-
out and with the application of an external magnetic field
7 T on a standard PPMS equipment.

The RT crystallographic structure of La0.5Ba0.5CoO3 ap-
pears incredibly simple since it can be refined using the
bic perovskite model of cell parameterap53.8843 Å@space
group ~S.G.! Pm3̄m, isotropic displacement parameters
Å 2: BLa/Ba50.42, BCo50.27, BO51.20, reliability factor
RB52.8%# ~Fig. 1!. Alternatively, these data can be refine
using the low-temperature phase model explained be
@S.G.P4/mmm, (c2a)/a;0.07%# or using the same rhom
bohedric distorted cell~S.G. R3̄c, a5A2ap , a;60.0! as
observed in La12xAx8CoO3 (A85Ca,Sr,Ba; x,0.4), but
without significant increase in the quality of the fit. Thu
according to the usage, we keep the model with the high
symmetry and the smallest unit cell. ThePm3̄m crystallo-
graphic structure means first of all that both La and Ba io
are statistically distributed on the body center site, wher
Co ions are embedded at the center of the regular octahe
formed by its six neighboring oxygen ions. None of the ch
acteristic tilting or distortions of the CoO6 octahedra suscep
tible to occur in perovskites has been evidenced experim
tally. Referring to previous reports on La12xAx8CoO3 @A8
5Ca ~Ref. 15!, Sr ~Ref. 6!, Ba ~Ref. 16!#, the observed~un-
distorted! cubic structure is explained by the large me
ionic radius of the La0.5Ba0.5 ions occupying the body cente
site.

At the lowest measured temperatures, we noticed a s
ting of selected peaks which could be exclusively accoun
for by a long-range tetragonal distortion~S.G.P4/mmmwith
cell parameters a53.8683 Å, c53.8748 Å, BLa/Ba
50.10,BCo50.18,BO1

50.84,BO2
50.96,RB52.3%) ~Fig.

1!. Compared to the cubic phase, theP4/mmm symmetry

differs only in the splitting of the oxygen position, (0,0,1
2 )

→(0,0,12 )1(0,1
2 ,0), but keeps a unique site for the Co io
06040
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This LT phase originates from the elongation of the Co6

octahedra along the unique axisc ~ferrodistortivestructure!
and in no way from the ordering of the La and Ba ion
Contrary to what happens in the layered cobalta
LBaCo2O5 ~Ref. 1! or in some temperature regions o
LaCoO3,9,10 the new crystal structure is not attributed to t
long-range ordering of the two Co species existing
La0.5Ba0.5CoO3.

As can be seen in Fig. 2, the onset of the crystallograp
distortion coincides with the onset of long-range ferroma
netic ordering of the Co moments atTC;180 K. At 2 K, the
saturation moment value amounts to 1.9mB /Co. At 2 K, the
small tetragonal distortion does not allow one to distingu
the exact orientation of the magnetic moments from Rietv
refinement. We thus assumed in our calculations the m
ments pointing along the unique axis direction. Transp
properties measurements performed on La0.5Ba0.5CoO3 from
350 K down to 4 K clearly determine three temperature r
gions ~see Fig. 3!. Above TC , the material exhibits a semi
metallic behavior with a sudden increase of the electric c
ductivity at TC . This change coincides with a maximum o
the negative magnetoresistance and is explained by Zen
double-exchange mechanism.17 Although reduced compare
to the manganates or the layered cobaltates, the actual
value in the MR ratio is of the same order as the highest r
ever observed in Co-based oxides LaxA12x8 CoO3.18 When
further cooling down, La0.5Ba0.5CoO3 displays a metal-
insulator-like transition atTMI;120 K accompanied by an
upturn of the MR ratio. At this stage, it is worth pointing o

FIG. 1. Synchrotron~top! and neutron~bottom! diffraction pat-
terns of La0.5Ba0.5CoO3. In the inset, we have magnified the 00
400 Bragg reflection region at selected temperatures. The points
the line refer to measurements and calculation~including ferromag-
netism in the neutron case!, the bottom line represents the diffe

ence. Data are refined in space groupPm3̄m at RT, P4/mmmoth-
erwise.
1-2
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that although of insulating character, the residual resistiv
remains very low at 4 K and the material is more likely to b
described as a semiconductor.

From above experimental results, the most notable
tures of La0.5Ba0.5CoO3 are the long-range tetragonal stru
ture below TC and the metal-semiconductor transition
TMI;120 K. The ferromagnetic structure essentially agr
with measurements already reported for La0.5Ba0.5CoO3,

FIG. 2. Thermal dependence of the cell parameters~also corre-
sponding to two times Co-O distances! ~top!, the tetragonal distor-
tion ~mid!, and the magnetic moment per Co ions~bottom! in
La0.5Ba0.5CoO3. In the inset, we have compared the peak width
selected reflections~a splitting and a not-splitting one inP4/mmm).
In the bottom part, we have drawn the electronic configurations
the Co species occurring above and below the JT transition.

FIG. 3. Thermal dependence of the resistivity measured
La0.5Ba0.5CoO3 with and without an external magnetic field and t
corresponding negative magnetoresistive ratio.
06040
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with perhaps a smallerTC in our case.19 In variance to most
of the previous studies, we report here an ideal cubic per
skite structure at RT which is doubly justified by the lar
mean ionic radius of the body center site and the high an
lar resolution of the instruments used. As deduced from
stoichiometry of La0.5Ba0.5CoO3.00, the Co ions exist with
equal ratio in 31 and 41 valence state (3d6 and 3d5 con-
figuration, respectively!. Quantitatively, the magnetic mo
ment value at saturation, 1.9mB /Co, precludes the Hund’s
rule predicted high-spin state for all Co species (HS-Co31:
t2g
4 eg

2 ,S52; HS-Co41: t2g
3 eg

2 ,S5 5
2 ) which would result in a

spin-only magnetic contribution of 4.5mB /Co. More gener-
ally, within a pure ionic model the observed magnetizati
can only be accounted for assuming at least one of the
species in an intermediate-spin~IS! state. Since IS configu
rations have the twofold degenerate eg-type
(d3z22r 2 /dx22y2) orbitals singly occupied, they further ap
pear favorable to the occurrence of Jahn-Teller distortion
the CoO6 octahedra. However, following Goodenoug
Kanamori rules of superexchange, singly occupiedeg orbit-
als tend to favor strong antiferromagnetic coupling in pero
skite structure.20

At this point, we have to count with possible hybridiz
tion of the Co-3d and O-2p orbitals which is known to be
non-negligible in Co-based perovskite, and even stronger
IS or LS states. Typically, from x-ray and/or electron abso
tion spectroscopy studies performed in La12xSrxCoO3 (x
50,1), the electronic ground state turned out to be in ma
ity d7L andd6L for Co31(d6) and Co41(d5), respectively.7,8

Hence, when properly considering covalency effects, we
give the following qualitative and simplified electronic pic
ture to explain the experimental evidences reported
La0.5Ba0.5CoO3. We assume the Co31 and Co41 ions to exist
asaud6&1bud7L& anda8ud5&1b8ud6L& states, respectively
For both ions, the nonhybridized configuration are IS sta
whereas the hybridized configuration can be seen as the
responding HS state but with, coupled to electrons ofeg
symmetry, a hole of corresponding symmetry on the oxyg
ps orbital. ~see inset in Fig. 2!. Over the complete measure
temperature range, the magnetic and transport properties
low a mechanism similar to Zener’s double exchange, me
ing ferromagnetic exchange interactions and electric cond
tion by eg-electron hopping between Co sites.17 Indeed, in
order for an oxygen hole ofeg symmetry to hybridize with
both adjacent Co ions, the spin of theeg electrons on both
Co ions should be parallel. Note that double exchange t
interactions also discard the occurrence of charge orde
which is in agreement with our observations. AtTC , the
ordering of the Co magnetic moments reduces the s
disorder scattering, increasing thus the electric conductiv
The application of a magnetic field reduces spin fluctuatio
and leads therefore to the observed negative magnetor
tance. Also atTC , the gap betweend3z22r 2- anddx22y2-type
orbitals opens owing to the Jahn-Teller effect. AboveTMI ,
thermal fluctuations allow occupation of botheg-type orbit-
als. When further cooling down, population of th
d3z22r 2-type orbitals of lower energy gradually increase
which is experimentally reflected by the continuous incre
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of the CoO6 distortion parameter. This smooth increase
accompanied atTMI by a change in the resistivity behavio
This temperature corresponds to a threshold where the o
ing of the gap is large enough for the ground state to
considered as partially orbitally ordered. Hence, the num
of conduction channels bydx22y2-type electron hopping is
reduced accordingly leading to a reduction of the elec
conductivity.

In conclusion, we have experimentally evidenced the
set of a Jahn-Teller induced long range tetragonal phase
low TC;180 K in the exact stoichiometric compoun
La0.5Ba0.5CoO3.00. Contrary to most of the paren
La12xAxCoO3 compounds, the distortion sets in within a
ideal cubic perovskite structure rendering the JT effect m
.
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spectacular since leading to a crystallographic phase tra
tion. The occurrence of a metal-insulator-like transition
TMI;120 K supports the LDA1U calculations performed
by Korotin et al. suggesting the existence of two orbital
polarized magnetic solutions corresponding to IS states~one
of them is a gapless semiconductor and the other is a me!.5

In view of the actual results, closer reinvestigations of
low-temperature crystal structure of La12xAxCoO3 systems
by means of today’s improved angular-resolution diffracti
techniques appear desirable.

Experimental assistance from the staff of the Swi
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