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Competing electronic ground states in La1ÀxCaxCoO3
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We present the results of a neutron powder-diffraction study on La12xCaxCoO3. We show that, contrary to

previous reports, a first-order structural transitionR3̄c→Pnmaoccurs as a function of bothx andT. Spin-state
transitions occur as a function ofx, T as indicated by the changes in cell volume, with evidence of a macro-
scopically inhomogeneous spin-state mixture atx50.1. The magnetic behavior generally parallels that of
La12xSrxCoO3, with evidence for both spin-glass behavior and ferromagnetism.
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I. INTRODUCTION

The growth of interest in the cobaltite perovskit
LaCoO3 and La12xSrxCoO3 ~LSCO! is in part due to the
expectation that, in addition to the lattice, charge, and s
degrees of freedom found in many other transition-metal
ides, the cobalt oxides will also display a degree of freed
in the ‘‘spin state’’ at the cobalt site.1–12

The spin states of thed6 Co31 ion in octahedral symme
try can be described as low spin~LS! t2g

6 eg
0 , intermediate

spin ~IS! t2g
5 eg

1 and high spin~HS! t2g
4 eg

2 , and are favored by
large crystal-field splitting, covalency, and exchange ene
respectively.3,13 LaCoO3 appears to adopt the LS state f
T/K,80, with transitions on warming to configuration
dominated by IS (80<T/K<500) and then the HS state
(T/K.500). The IS state is expected to be Jahn-Teller~J-T!
active; however, LaCoO3 is rhombohedral at all tempera
tures, which precludes the presence of a static, cohe
Jahn-Teller distortion. There is evidence for an incohere
and/or dynamic J-T distortion from neutron pair-distributi
analysis and fitting of the thermal expansion a
magnetization.1,2,12For LnCoO3 with Ln a small lanthanide,
it has been reported that the structure havingPnmasymme-
try is more stable, as is the LS state.14–16

In the LSCO system, studies to date have concentrate
the observed competition between ferromagnetism and s
glass behavior. Doping with Sr21 introduces holes into the
Co-O network. It also introduces size variance on theA site,
which has been shown to affect the properties of oxides,
is an added complication in studies of LaCoO3 derivatives.17

La31 and Ca21 have very similar ionic radii~1.36, 1.34 Å,
repectively18!, but there has been surprisingly little study
the La12xCaxCoO3 ~LCCO! system.19–23 Studies of bulk
samples have suggested that there are no major differe
from the Sr-doped system: all materials are reportedly rho
bohedral for all levels of doping, and ferromagnetism is o
served in both systems, with the Curie temperature be
lower in the Ca-doped materials at a fixed doping level.

In this paper we show that LCCO differs significant
from LSCO. Neutron powder-diffraction shows that, co
trary to previous reports, these materials are not invaria
rhombohedral (R3̄c), but that an orthorhombic (Pnma)
phase exists at low temperatures forx>0.15. From analysis
of thermal-expansion data, we argue that LCCO exhibits s
state transitions as a function of bothx and T and that a
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crossover from LS to IS stability occurs forx'0.1. This
crossover composition reflects a macroscopically inhomo
neous spin-state distribution extending into the phase
gram well beyond that proposed for the LSCO system.24

II. RESULTS

Polycrystalline samples of LCCO (x50.02,0.1,0.15,0.2!
were prepared using standard solid-state methods. We w
unable to prepare single-phase materials forx.0.2. Neutron
powder-diffraction patterns were collected using the Spe
Environment Powder-Diffractometer at the Intense Puls
Neutron Source at Argonne National Laboratory; magne
data were collected using a Quantum Design PPMS.

As shown in Fig. 1, neutron diffraction shows unequiv
cally that LCCO undergoes a structural phase transit
R3̄c→Pnmaas a function of doping and temperature. Th
contrasts with LSCO which has been reported by numer
authors to adoptR3̄c symmetry at all measured temperatur
~e.g., Ref. 1!. A considerable region of coexistence betwe
these phases is observed forx50.15 and 0.2, consistent with
the first-order nature of this phase transition. In the case
x50.15 bothR3̄c andPnmaphases are found even at 12 K
The reduced symmetry of the orthorhombic phase can
principle allow a coherent ordering of Jahn-Teller distort
octahedra, as is observed in LaMnO3. However, our mea-

FIG. 1. Neutron powder-diffraction patterns collected as a fu
tion of temperature for La12xCaxCoO3. For thex50.1 sample the
vanadium reflection at 2.13 Å due to the sample container has b
excluded. R5rhombohedral, O5orthorhombic.
©2004 The American Physical Society01-1
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surements on thex50.15, 0.2 samples indicate that all Co-
bond lengths are equivalent within 2 e.s.d.s. Resistivity d
indicate that for all samplesdr/dT is negative, with the re-
sistivity decreasing by a factor of ca. 100 betweenx50.1
andx50.2. It is thus possible that thex>0.15 samples are
sufficiently metallic such that the expected Jahn-Teller d
tortion is suppressed due to high electron mobility. In a
event, the lack of a coherent Jahn-Teller distortion reinfor
the conclusion that theR3̄c→Pnmaphase transition is of a
steric rather than an electronic origin.

The magnetic behavior of LSCO has been discussed
several authors as evolving from a spin-glass regime (0,x
,0.18) to a cluster-glass or ferromagnetic~FM! state (0.18
,x,0.5).7–9 Our data indicate that the LCCO system pa
allels LSCO, with mixed glassy and ferromagnetic contrib
tions. Figure 2 shows zero-field-cooled~ZFC! and field-
cooled ~FC! M (T) data taken on warming inHmeas
51 kOe. A pronounced increase inM signaling ferromag-
netism is observed forx>0.1. For x>0.1, TC increases
monotonically withx, in generally good agreement with re
ports from Taguchiet al. and Mutaet al.19,23 The latter au-
thors argued that for the low-x regime such magnetic behav
ior indicates either long-range FM or a spin-glass regim
Our neutron-diffraction data show increased intensity
Bragg reflections belowTC , unequivocally demonstrating
long-range FM, albeit with a saturation moment marke
reduced from that predicted for a uniform, ordered IS Co31

state~Table I!. Thus, forx>0.1, a significant fraction of the
sample adopts a FM ground state in zero field. This para
the Sr-doped series, in which magnetic Bragg reflecti
were also observed for a 10%-doped powder, but not an
doped single crystal.8,10

For all samples, ZFC and FC curves diverge belowTC ,
with the appearance of a peak in the ZFC data. Such i
versibilities have been attributed to spin-glass formation
the LSCO system.9 However, Kumaret al. and Ganguly
et al. have recently suggested that such peaks reflect a c
cive field,HC.Hmeas.

25,26 Magnetization measurements o
our LCCO samples indicate a pronouncedHC at 5 K ~e.g.,
HC57 kOe forx50.2), and we believe this offers the sim

FIG. 2. M (T) for La12xCaxCoO3 collected in zero-field cooled
~- - -! and field-cooled~—! modes, respectively. The inset show
1/x as a function ofT, the straight line is a Curie-Weiss fit to th
x50.02 data in the range 200<T/K<300.
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plest explanation for the pronounced ZFC-FC divergen
Nonetheless, for all samples in our study we observe no s
ration of M at 5 K for fields as high as 7 T, and we find
pronouncedv dependence onx8(T) spanning the maximum
Both observations are consistent with a fraction of t
sample being in a glassy state. Both Namet al.and Leighton
et al. have recently explored the coexistence of glassy
ferromagnetic components in the LSCO system.27,28 It is
likely that a similar inhomogeneous state exists in LCCO
well. Unlike the behavior observed in LSCO by Leighto
et al., however, the irreversibility in LCCO samples does n
extend to temperatures far above the maximum.

Plots of 1/x versusT ~inset, Fig. 2! show linear behavior
above ca. 200 K.29 With the exception ofx50.02,uW agrees
well with the TC determined by neutron diffraction~e.g.,x
50.2, uW5140 K, TC'125 K). me f f values in the range
2.9–3.2mB /Co are consistent with reports that Co io
adopt an IS state in this temperature regime in LSCO
LCCO.7,8,23Unfortunately, from these data alone it is impo
sible to determine uniquely the spin state of Co31 without
certain assumptions about the spin state of Co41, for which
considerable controversy abounds.8,9,13We note however tha
analysis ofme f f using a HS Co41 ion leads to an imaginary
value of S for Co31 at x50.1, excluding the HS state o
Co41 invoked by Itohet al.9

uW5231 K for the x50.02 sample implies antiferro
magnetic~AFM! interactions in the high-temperature limi
but neutron diffraction shows no AFM superlattice refle
tions at any temperature. Nor do we observe any FM con
bution to neutron scattering as low as 10 K.30 Nonetheless, a
pronounced deviation from linearity in 1/x versusT ~Fig. 2,
inset!, a ZFC-FC irreversibility, and a pronounced hystere
at 2 K (HC51.4 kOe,M2 K,7 T50.3mB /Co) all indicate FM
character in this nominally 2% Co41 sample as well. In
LSCOuW increases rapidly withx, but we can find no repor
of hysteresis forx'0.02.7

We now turn to the question of spin-state transition
Unit-cell volumes provide a marker for spin-state transitio
because the Co-O bond length responds to a variable p
lation of eg antibonding orbitals. In a recent study, Radae
et al. have analyzed the thermal expansion of LaCoO3 in
terms of contributions from phonons, spin-state transitio
and oxygen nonstoichiometry.1 A similar analysis undertaken
here for LCCO shows evidence of two types of crosso
behavior: a doping induced crossover at lowT and a ther-

TABLE I. Parameters from Gru¨neisen-Einstein, Curie-Weiss fit
and magnetization measurements. Data forx50 taken from Ref. 1.
me f f calculated assumingg52. See text for further details.

x V0 TE a31023 uW me f f M5 T,10 K M10 K
a

(Å 3) ~K! ~K! (mB /Co) (mB /Co) (mB /Co)

0 110.4 50.5 1.61 2200
0.02 110.4 64.8 1.84 215 2.79 0.24
0.1 110.8 246.9 6.85 94 2.72 0.58 0.61~4!

0.15 111.0 443.7 12.21 124 2.98 0.99 1.12~2!

0.2 110.6 445.5 13.4 140 3.26 1.18 1.17~2!

aDerived from neutron powder diffraction.
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mally induced crossover forx,0.1. These two crossover
can be ascribed to a spin-state transition from theS50 to
SÞ0 electronic configurations at the Co31 sites with increas-
ing x,T. Additionally, the data suggest that thex50.1 sample
separates regions of LS and IS ground-state predomina
with both spin states preserved to low temperature at
composition.

Figure 3 shows the rhombohedral cell volume,V, as a
function of doping at 295 K and at 10 K. At 295 K,V de-
creases monotonically withx, as expected by the substitutio
of Co41 for Co31 @rCo3150.545 ~LS!, 0.61 ~HS!, rCo41

50.53 Å ~Ref. 18!#. At 10 K, however, a distinctly differen
x-dependence is observed:V increases for 0,x,0.15, then
decreases on further Ca addition. Although the system
comes FM atx'0.1, the magnitude of the volume chan
(DV/V'0.5% fromx50 to x50.15) renders magnetostric
tion an unlikely explanation. We suggest that the differe
behavior reflects an average Co31 spin state~and hence unit-
cell volume! that varies smoothly withx at 295 K but not at
10 K.

The temperature dependence ofV adds additional weigh
to this hypothesis. Figure 4~a! shows that on cooling, thex
50.02 cell volume crosses below that of samples withx

FIG. 3. ~a! Cell volume at room temperature and~b! at 10 K for
the rhombohedral (s) and orthorhombic (h) samples as a function
of x. Error bars are smaller than the symbols. See text for fur
details.

FIG. 4. ~a! Rhombohedral cell volume and~b! (V/V0)(T) for
x50.02 (h), x50.1 (l), and x50.2 (m). Lines in ~a! are to
guide the eye; the dashed line in~b! is a fit ~see text!.
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>0.1 at T'80 K, reversing the trend seen at 295 K. T
‘‘anomalous’’ behavior of thex50.02 sample is qualitatively
similar to that of LaCoO3 itself. The introduction of Co41

may result in formation of IS Co31 in its immediate vicinity,
as has been suggested in LSCO.7,8 A fraction of the remain-
ing LS Co31 located far from the Co41 sites are thermally
excited to the IS state. This effect will be most pronounced
samples that contain a large fraction of LS Co31 at base
temperature. Thus, the thermal-expansion data qualitati
indicate that Co31 in x50.02, with its dramatic increase inV
for T.40 K, will be predominantly LS at base temperatu
while Co31 in samplesx>0.1 will be predominantlyS.0.

This discussion can be put on a more quantitative foot
by fitting the thermal-expansion data with a Gru¨neisen-
Einstein ~G-E! model31 that captures the phono
contribution32 to V(T). Extracted parameters are collected
Table I, and a representative fit to thex50.2 data is shown in
Fig. 4~b!. Two regimes of parameters are found:x,0.1 and
x.0.1.33 For x.0.1, TE'440 K anda'0.012. These val-
ues can be compared to those proposed by Radaelli34 for the
phonon contribution toV(T) for LaCoO3: TE5423.34 K
and a56.9431023. We thus propose that forx.0.1 the
majority of Co31 ions are in the IS state even at 10 K, givin
a V(T) that can be satisfactorily understood solely on t
basis of phonons. Forx50.02, although the data can be fi
physically unrealistic parameters are obtained that are
facts of the anomalous thermal expansion. Followi
Radaelli, we suggest that this sample has a marked contr
tion from electronic excitations as well as phonons, wh
signifies a majority LS configuration at 10 K.

The case ofx50.1 presents a crossover composition f
which we speculate an inhomogeneous mixture of spin c
figurations, with both LS and IS preserved to low tempe
ture. Note in Fig. 3 that at 10 K the volumes ofx>0.1 are
greater than that ofx50.02 despite the larger Co41 concen-
tration in the former. This suggests that the CoO6 octahedra
in thex>0.1 samples are, on average, in a higher spin s
than those inx50.02 at 10 K. Asshown in Fig. 4~b!,
V(T)/V0 for x50.1 interpolates between thex50.02,
x50.2 curves, indicating that the average spin state in

r

FIG. 5. Schematic phase diagram of La12xCaxCoO3 derived

from neutron powder diffraction.h indicateR3̄c, s Pnma, and
, the mixed regime.d indicatesuW. The grey area represents th
mixed phase regime.
1-3
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x50.1 material is intermediate between those inx50.02,
0.2 and thus implies a mixture of LS and IS in this comp
sition at 10 K. A fit to thex50.1 data, while qualitatively
acceptable, yields parameters~TE5246.9 K, a56.85
31023! that lie between those extracted from the endpo
compositions. A change of slope inV(x) is observed atx
'0.1.This slope change may reflect a rapid increase in
population of the higher spin-state Co31 ions from doping
concentrations above this level. We thus hypothesize tha
10 K the x50.02 sample is predominantly LS, thex>0.15
sample predominantly IS, and thex50.1 sample a mixture
with a significant fraction of both LS and IS. Assuming th
for T/K<80, x50.0 is 100% LS and thatx50.2 is fully IS,
it is possible in principle to extract an estimate of the ra
LS:IS from these data. Attempts to fit the data using a lin
combination of two G-E terms, although yielding a signi
cantly better fit, were troubled by a shallow minimum for t
least-squares fit. Nonetheless, the qualitative picture o
macroscopically inhomogeneous IS-LS mixture appears
be appropriate.

In summary, LCCO shares many features with LSCO,
exhibits marked differences as well. We present our findi
as a phase diagram in Fig. 5. With evidence for both lo
range ferromagnetism and glassiness, LCCO closely pa
-
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lels the behavior reported by numerous authors for LSC
Likewise, there is evidence in both systems of a rapid de
bilization of the LS state with doping. However, the C
doped system undergoes a first-order structural phase tr
tion into orthorhombic symmetry forx.0.1. Thermal-
expansion data indicate that at base temperature there
crossover in the stability of the electronic ground state
x'0.1. This is considerably deeper into the phase diag
than that observed in LSCO. Finally, it is worth commenti
that the assignment of the nonzero spin state to IS is far f
firmly established. Indeed, the lack of a long-range orde
Jahn-Teller distortion in the orthorhombic phase is diffic
to reconcile with an IS Co31. Nonetheless, from our dat
there is considerable evidence from both magnetic
thermal-expansion data for the presence of a macroscopic
inhomogeneous distribution of spin states. Like LSCO it
probable that this inhomogeneous mixture is the origin of
glassy magnetism.
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