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Charge ordering in the layered Co-based perovskite HoBaCo2O5
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From neutron powder diffraction studies performed on the ordered oxygen deficient perovskite HoBaCo2O5,
we have observed two structural phase transitions atTN;340 K andTCO;210 K, corresponding to the
occurrence of magnetism and the onset of charge ordering, respectively. The charge ordered phase exhibits
chains of Co21 and Co31 along thea axis and an alternate stacking of these ions along theb andc axes. The
observed magnetic moments,mCo3153.7mB andmCo2152.7mB , confirm this charge ordering and are in good
agreement with the expected values for high-spin Co ions in pyramidal environment.
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During the last few years, there have been a large num
of research activities on the Mn oxides of general form
A12xAx8MnO3 (A is a trivalent lanthanide,A8 a divalent al-
kaline ion! in order to explain the mechanism leading to t
colossal magnetoresistivity~CMR! observed in these mater
als. Up to now, CMR effects have been almost only obser
in manganites, although some cobaltates of ty
La12xSrxCoO3 also present similar properties, but with f
much smaller MR ratios.1 Recently, however, the highes
MR ratios ever observed in Co based oxides have been
ported in the perovskite based compoundsLnBaCo2O5.4
(Ln5Eu,Gd).2 These systems, of general descripti
LnBaCo2O51d (Ln5trivalent lanthanide, 0<d<1), appear
very interesting since they display a large variety of ma
netic and transport properties depending on the oxy
concentration.3–6 Similarly to what was observed in the ma
ganites, it is likely that the magnetic and transport proper
in LnBaCo2O51d are driven by the mixed valence state
the cobalt ions, expressed by the relations Co21:Co31

5(1/2-d):(1/21d) for d<0.5 and Co41:Co31

5(d-1/2):(3/2-d) for 0.5<d. When increasingd in the ge-
neric systemLnBaCo2O51d , the extra oxygen ions are ex
pected to fill the Hoh layer, thus providing an octahedra
environment for some of the Co ions. At the limitd51, all
Co ions are in an octahedral environment and for the part
lar compound LaBaCo2O6, the structure was found to b
cubic or orthorhombic.3,7 Furthermore, in the nonstoichio
metric cases (dÞ0,1), complex crystal structures have be
postulated in order to localize the extra oxygen ions.5,8 These
assumed crystal structures lead to mixed octahedral and
ramidal environments for the Co ions, with nonnegligib
consequences on their electronic structure. Up to now, o
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the crystal structures of both the stoichiometric ca
LaBaCo2O6 ~Ref. 7! and the oxygen deficient cas
HoBaCo2O5 ~subject of the present study! have been pre-
cisely determined by means of neutron powder diffraction
these particular compounds, the cobalt environment app
to be either exclusively octahedral (d51) or pyramidal (d
50). Therefore, it is clear that theLnBaCo2O51d system is
able to reproduce a large set of Co ion configurations. W
further considering that trivalent and/or tetravalent cob
ions are known to display multiple electronic structure
these compounds deserve a careful study in the future
assess the magnetic properties of Co21, Co31, and Co41

ions as a function of their relative ratios and local enviro
ment.

In this paper, we report the temperature dependent st
of the pure oxygen deficient cobaltate HoBaCo2O5. Since the
Co21:Co31 ratio is exactly one in this compound, we antic
pate charge ordering~CO! to occur, that is a real-space o
dering of divalent and trivalent cobalt ions. Similar effec
have been frequently reported in the mangani
A1/2A1/28 MnO3, but in almost all these cases, the CO state w
accompanied by the onset of an antiferromagnetic phase
Néel temperatureTN<TCO .9 In a few cases, the change i
crystal symmetry induced by charge ordering could be
rectly observed, generally by using synchrotron10 and/or
electron diffraction techniques.11 In HoBaCo2O5, we observe
by means of neutron powder diffraction, the onset of a C
phase belowTCO;210 K. The charge ordering is reflecte
by the doubling of the crystallographic unit cell along theb
direction and a change in the space-group symmetry~space
groupPmmb!. This transition is coupled to an increase of t
insulating behavior of HoBaCo2O5. More interestingly, this
R11 871 ©2000 The American Physical Society
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CO transition, which is accompanied by a considerable ju
in the resistivity, occurs far below the paramagnetic to a
ferromagnetic transition atTN;340 K, where a first increas
in the resistivity curve is already observed.

The HoBaCo2O5 sample was synthesized using a tw
step method which was already successfully applied to p
duce the related compound LaBaMn2O5.12 The oxygen sto-
echiometry of our compound is determined to be 560.01
from neutron powder diffraction~NPD! experiments. High-
resolution NPD measurements were performed at sele
temperatures ranging from 1.5 K to 375 K on the instrume
D1A(l51.911 Å! and D2B(l51.594 Å ,l51.05 Å! at the
Institute Laue-Langevin. Due to the weakness of the CO
duced superstructure peaks, additional NPD measurem
were performed on HoBaCo2O5 on the high intensity diffrac-
tometer G6-1 (l54.75 Å! at the Laboratoire Le´on Brillouin,
which provides powder patterns of remarkably high signa
background ratio. NPD data were refined by the Rietv
method using the programFULLPROF.13 Electron-diffraction
experiments, differential scanning calorimetry~DSC!, and
resistivity measurements were performed on HoBaCo2O5 us-
ing standard procedures whose descriptions are beyond
scope of this paper. The precise synthesis method, as we
the detailed study of the magnetic and physical propertie
HoBaCo2O5 and another member of the series (TbBaCo2O5)
will be published elsewhere.

In the paramagnetic phase,T.TN;340 K, the crystal
structure of HoBaCo2O5 is tetragonal~space groupP4/mmm!
with cell parametersa5b5ap53.891 Å , c57.488 Å
;2ap ~here,ap is defined as the pseudocubic cell para
eter!. The structure derives from the simple perovskite
doubling the cell along thec axis in order to account for the
alternate stacking of oxygen deficient (Hoh) and oxygen
rich ~BaO! layers. In HoBaCo2O5, the Co ions are enclose
in square base pyramids formed by the five neighboring o
gen ions. When lowering the temperature belowTN , we ob-
serve extra peaks corresponding to the appearance of
netic moments on the Co ions. These magnetic peaks

indexed with the propagation vectork5( 1
2 , 1

2 ,0), meaning
that each Co ion is coupled antiferromagnetically~AF! to the
six nearest neighbors along the three crystallographic a
~so-calledG-type magnetic structure!. Simultaneously to the
onset of magnetic ordering, the crystal structure exhibit

FIG. 1. Temperature dependence of the pseudocubic cell pa
eters in HoBaCo2O5.
p
i-

o-

ed
ts

-
nts

o
d

the
as
of

-
y

-

ag-
re

es

a

small orthorhombic distortion„(b2a)/(b1a);53 1024
….

In the new orthorhombic setting~space groupPmmm, a
,b), the Co magnetic moments point along thea direction.
With further cooling, whereas thea and c cell parameters
decrease continuously, the pseudocubic cellb parameter in-
creases significantly down toTCO;210 K ~Fig. 1!. At this
temperature, a small discontinuity is observed in the cell v
ume. As shown in Fig. 2, weak additional reflections a
observed belowTCO on the high intensity NPD patterns
These extra reflections account for the doubling of
nuclear unit cell along theb direction. Note that the crystal
lographic nature of these superstructure peaks is confir
by electron diffraction.14 According to the observed extinc
tion conditions, the new crystal structure is thus described
space groupPmmbwith unit-cell parametersa;ap , b;c
;2ap . The main characteristic of this new crystal structu
shown in Fig. 3, is the existence of two independent sites
the cobalt cations, as well as four nonequivalent oxyg
atom positions, which could be accurately determined fr
NPD data refinement. Both Co sites remain enclosed
slightly deformed square base pyramids, but the volume
these differ considerably, as evidenced by inspection of

m-
FIG. 2. NPD spectra of HoBaCo2O5 collected on G6-1. Mag-

netic peaks are labeled with their indexes referred to the unit
ap3ap32ap . The asterisks indicate superstructure peaks, th
symbol denotes the~0,1/2,0! and ~1/2 0 0! forbidden reflections
according to the nuclear and magnetic structure, respectively.

FIG. 3. Crystal structure of HoBaCo2O5 in the charge ordered
phase. The darker and brighter pyramids represent the oxygen
vironments of Co31 and Co21 ions, respectively.
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Co-O distances. Therefore, from purely steric consideratio
we assume each of these sites to be exclusively occupie
Co31 or Co21 cations. Note that this rather unusual char
ordering leads to the formation of Co31 and Co21 chains
along the@100# direction and an alternate stacking of the
ions along theb and c axes. The CO phase is further co
firmed by bond valence sum calculations but, to a lar
extent, by closer examination of the magnetic structure
the CO phase, the magnetic moments remain along tha
direction and the saturated values reach 3.7(2)mB and
2.7(2)mB for Co31 and Co21, respectively~Fig. 4!. Whereas
the 1mB difference reflects perfectly the contribution of th
additional hole in Co31, the refined moments are in goo
agreement with the spin-only values expected for high-s
HS-Co31 and HS-Co21 (4mB and 3mB , respectively!. Note
that the slight reduction from the ideal values can be
counted for within a localized-electron regime by covalen
effects. In the Fig. 4 inset, we have represented the crys
field splitting of the orbital cationd levels for a square bas
pyramidal environment.15 For a slightly orthorhombic distor
tion of the pyramid (a,b), the highest twofold degenerat
level is further split, and bothdyz anddxz orbitals are unoc-
cupied by holes in HS-Co21, whereas only thedyz orbital
remains hole free in HS-Co31. Within this electronic picture,
the G-type magnetic structure is fully supported by t
Goodenough-Kanamori rules for superexchan
magnetism.16,17 Although it is observed in some parent C
based oxides,7,18 we rule out the possibility of a low-spin o
intermediate-spin state for the trivalent cobalt, since th
configurations would thus lead to much lower average m
netic moments than those we measured in HoBaCo2O5. Fi-
nally, we have to point out that, down to the lowest measu
temperature~1.5 K!, no evidence for long-range ordering o
the Ho magnetic moments was detected.

Figure 5 shows the temperature dependence of trans
properties measured in HoBaCo2O5. The DSC curves exhib
its two exothermic~endothermic! peaks aroundTN andTCO
in cooling~heating! runs. These peaks are consistent with
change in entropy caused by the spin and charge orderin
TN andTCO . The 10 K hysteresis between cooling and he
ing runs suggests a first-order character for these transiti
The temperature dependence of the resistivity clearly in

FIG. 4. Temperature dependence of Co magnetic moment
HoBaCo2O5. In the inset we have represented the orbital splitt
by the pyramidal crystal field and the electronic states of HS-C21

and HS-Co31 ~a symbol denotes one hole in the orbital!.
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cates an insulating behavior for HoBaCo2O5 over all the
measured temperature range, but with two distinct regim
Using the general models described by Snyder19 for insulat-
ing oxides, the resistivity is well approximated above;360
K and below ;210 K by r5r0T exp(EA /kT) and r
5r0exp„(T0 /T)1/4

…, respectively. It is very interesting to
note the existence of a large intermediate region, which
be described with a combination of the high- and low- te
perature models. This region corresponds roughly to the t
perature rangeTCO<T<TN found by NPD. The small dis-
crepancy for the high temperature transition values found
NPD (TN;340 K! and resistivity~360 K! is explained by
short-range magnetic interactions. The increase in resisti
followed by the onset of the AF state would lead us to co
clude, similarly to observations made in manganites9,10 or
nickelates,20 to a preliminary charge ordering atTN . How-
ever, this effect is not directly observed in our NPD data. I
likely that belowTN charge localization occurs, but there is
competition between the Co21-Co21, Co31-Co31, and
Co21-Co31 couplings along the three crystallographic axe
In the latter coupling, thedxz electron is not completely lo-
calized on one of the cobalt ions and so conduction o
Co-Co distance ranges remain possible. Nevertheless, du
the small extent ofdxz orbitals, this conduction effect re
mains rather small. BelowTCO , the dxz electrons are well
localized on the Co site, leading to the CO phase descri
in this letter, and HoBaCo2O5 becomes highly insulating.

In conclusion, we have observed in HoBaCo2O5 a well
established CO phase associated with a change in the
ductivity and occurring at a temperature much lower than
onset of AF ordering. According to our NPD data, no ind
cation of a long-range charge ordering could be detecte
the intermediate temperature rangeTCO<T<TN . This is
true even if the AF spin ordering is correlated with a redu
tion in the conductivity. Further experiments could even
ally support an incomplete or short-range charge order
occurring atTN . The complete charge-ordered state appe
at a lower temperature,TCO;210 K, and is responsible for a

in FIG. 5. Resistivity measured in HoBaCo2O5 and DSC curves
obtained on heating and cooling runs~inset!. The solid lines show
the fit of the resistivity using the models described in the text.
the DSC curves, the ordinate indicates exothermic~endothermic!
reaction for heating~cooling! runs. The strong signal on heatin
runs is due the presence of very small amount of water in
apparatus.
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structural transition. The 1mB difference between the two
independent Co sites corroborates our CO picture. Thes
sults are of prime importance for understanding charge lo
ization effects. A last interesting point concerns the inter
tions responsible for theG-type structure. Although the
Co-Co interactions through the oxygen atoms are well
plained within the superexchange framework, there is still
ambiguity about the Co21-Co31 coupling through the vacan
site of the Hoh layer. Direct exchange only, expected
D.

u

-

t,

u

A.
J

re-
l-
-

-
n

lead to a ferromagnetic coupling, appears improbable fr
the small orbital overlap. Therefore superexchange-t
mechanisms involving different paths may be postulat
Such questions could be well answered from a comp
study of theLnBaCo2O51d (0<d<1) systems, for which
there are oxygen ions available for cobalt superexcha
coupling through the Hoh layer.

The authors thank Dr. M. T. Ferna´ndez-Dı´az for fruitful
discussions.
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