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Competing electronic ground states in La_,Ca,CoOg
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We present the results of a neutron powder-diffraction study gn |Ga CoO;. We show that, contrary to
previous reports, a first-order structural transitRBc— Pnmaoccurs as a function of bothandT. Spin-state
transitions occur as a function &f T as indicated by the changes in cell volume, with evidence of a macro-
scopically inhomogeneous spin-state mixturexat0.1. The magnetic behavior generally parallels that of
La; _,Sr,Co0;, with evidence for both spin-glass behavior and ferromagnetism.

DOI: 10.1103/PhysRevB.69.054401 PACS nuni®er75.25:+z, 71.30:+h

[. INTRODUCTION crossover from LS to IS stability occurs for~0.1. This
crossover composition reflects a macroscopically inhomoge-
The growth of interest in the cobaltite perovskitesneous spin-state distribution extending into the phase dia-
LaCoQ; and La_,Sr,Co0; (LSCO) is in part due to the gram well beyond that proposed for the LSCO systém.
expectation that, in addition to the lattice, charge, and spin
degrees of freedom found in many other transition-metal ox-
ides, the cobalt oxides will also display a degree of freedom
in the “spin state” at the cobalt sitk:*? Polycrystalline samples of LCCOx&0.02,0.1,0.15,0)2
The spin states of thd® Co®* ion in octahedral symme- Were prepared using standard solid-state methods. We were
try can be described as low spihS) tggeg’ intermediate  unable to prepare single-phase materialsxier0.2. Neutron

spin(1S) t2 el and high spir(HS) t% e2 . and are favored b powder-diffraction patterns were collected using the Special
PIn(IS) tz& gh SpIrtHS) Lo, Y Environment Powder-Diffractometer at the Intense Pulsed

large crystal-lf;eld splitting, covalency, and exchange energ Neutron Source at Argonne National Laboratory; magnetic
respectively.'® LaCoO; appears to adopt the LS state for data were collected using a Quantum Design PPi\/IS.

T/K<80, with transitions on warming to configurations As shown in Fig. 1, neutron diffraction shows unequivo-

dominated by IS (86 T/K=500) and then the HS states cally that LCCO undergoes a structural phase transition

(T/K>500). The IS state is expected to be Jahn-Te&l€er) . . .
active; however, LaCoQis rhombohedral at all tempera- R3c—Pnmaas a function of doping and temperature. This

tures, which precludes the presence of a static, cohereffontrasts with LSCO which has been reported by numerous
Jahn-Teller distortion. There is evidence for an incoherentduthors to adopR3c symmetry at all measured temperatures
and/or dynamic J-T distortion from neutron pair-distribution (€.9., Ref. 1. A considerable region of coexistence between
analysis and fitting of the thermal expansion andthese phases is observed for0.15 and 0.2, consistent with
magnetizatiort:>*?For LnCoO; with Ln a small lanthanide, the first-order nature of this phase transition. In the case of
it has been reported that the structure havmgmasymme-  x=0.15 bothR3c andPnmaphases are found even at 12 K.
try is more stable, as is the LS stafe® The reduced symmetry of the orthorhombic phase can in
In the LSCO system, studies to date have concentrated qurinciple allow a coherent ordering of Jahn-Teller distorted
the observed competition between ferromagnetism and spirpctahedra, as is observed in LaMnCHowever, our mea-
glass behavior. Doping with 3F introduces holes into the
Co-O network. It also introduces size variance onAhste,

Il. RESULTS

which has been shown to affect the properties of oxides, and 2004 g ol o P o 02

is an added complication in studies of LaGoderivatives’ ] & Rl R

La*" and C&" have very similar ionic radi{1.36, 1.34 A, 50, \ \
repectively®), but there has been surprisingly little study of 205K

the La_,CaCo0; (LCCO) system:®~23 Studies of bulk
samples have suggested that there are no major differences
from the Sr-doped system: all materials are reportedly rhom-

1 lf R\‘O (¢
100 M
bohedral for all levels of doping, and ferromagnetism is ob- ] o

. i . . R
served in both systems, with the Curie temperature being 501 R &h o

lower in the Ca-doped materials at a fixed doping level.
M’J 12K

Counts (arb. units)

150K

In this paper we show that LCCO differs significantly

from LSCO. Neutron powder-diffraction shows that, con- 0 1222324 21222324 21222324
trary to previous reports, these materials are not invariably d(A) d(A) d(A)
rhombohedral R3c), but that an orthorhombicRnmg FIG. 1. Neutron powder-diffraction patterns collected as a func-

phase exists at low temperatures fo¢0.15. From analysis tion of temperature for La ,CaCoO;. For thex=0.1 sample the
of thermal-expansion data, we argue that LCCO exhibits spifanadium reflection at 2.13 A due to the sample container has been
state transitions as a function of bothand T and that a excluded. R=rhombohedral, &orthorhombic.
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L T T TABLE I. Parameters from Gneisen-Einstein, Curie-Weiss fits

02  MELKOC "‘3300, o and magnetization measurements. Dataxfe0 taken from Ref. 1.
0.6 3 010 Mest Calculated assuming=2. See text for further details.
g 20 6.15]
= gux)» g X Vo Tg ax10® 6y et Mstiok Miok®
Q 04 i 17 (A% (K (K) (ug/Co) (ug/Co) (ug/Co)
3 00 200 300K
b= Temperature (K) 0 110.4 50.5 1.61 —200

0.02 110.4 648 1.84 —15 279 0.4
0.1 1108 2469 6.85 94 272 058 04l
0.15 111.0 4437 12221 124 298  0.99 122

. . . . . 0.2 110.6 4455 134 140 3.26 1.18 17
0 50 100 150 200 250 300
Temperature (K) ¥Derived from neutron powder diffraction.

FIG. 2. M(T) for La,_,CaCo0; collected in zero-field cooled Plest explanation for the pronounced ZFC-FC divergence.
(- - -) and field-cooled—) modes, respectively. The inset shows Nonetheless, for all samples in our study we observe no satu-
1/ as a function ofT, the straight line is a Curie-Weiss fit to the ration of M at 5 K for fields as high as 7 T, and we find a
x=0.02 data in the range 260T/K=300. pronounced» dependence og’(T) spanning the maximum.

Both observations are consistent with a fraction of the

surements on the=0.15, 0.2 samples indicate that all Co-O sample being in a glassy state. Both Natral. and Leighton
bond lengths are equivalent within 2 e.s.d.s. Resistivity datat al. have recently explored the coexistence of glassy and
indicate that for all sampledp/dT is negative, with the re- ferromagnetic components in the LSCO systért. It is
sistivity decreasing by a factor of ca. 100 between0.1 likely that a similar inhomogeneous state exists in LCCO as
andx=0.2. It is thus possible that the=0.15 samples are well. Unlike the behavior observed in LSCO by Leighton
sufficiently metallic such that the expected Jahn-Teller diset al, however, the irreversibility in LCCO samples does not
tortion is suppressed due to high electron mobility. In anyextend to temperatures far above the maximum.
event, the lack of a coherent Jahn-Teller distortion reinforces Plots of 1) versusT (inset, Fig. 2 show linear behavior
the conclusion that thR3c— Pnmaphase transition is of a above ca. 200 K With the exception ok=0.02, 6, agrees
steric rather than an electronic origin. well with the T determined by neutron diffractiote.g., x

The magnetic behavior of LSCO has been discussed by 0.2, 6,,=140 K, Tc~125 K). u.¢s Values in the range
several authors as evolving from a spin-glass regime X0 2.9-3.2ug/Co are consistent with reports that Co ions
<0.18) to a cluster-glass or ferromagneftéM) state (0.18 adopt an IS state in this temperature regime in LSCO and
<x<0.5).”~° Our data indicate that the LCCO system par-LCCO."#2Unfortunately, from these data alone it is impos-
allels LSCO, with mixed glassy and ferromagnetic contribu-sible to determine uniquely the spin state offCawithout
tions. Figure 2 shows zero-field-coold@FC) and field-  certain assumptions about the spin state of'Gdor which
cooled (FC) M(T) data taken on warming inH,.,s considerable controversy abourfds-3We note however that
=1 kOe. A pronounced increase M signaling ferromag- analysis ofu; using a HS C6" ion leads to an imaginary
netism is observed foxk=0.1. Forx=0.1, T, increases value of S for Co®* at x=0.1, excluding the HS state of
monotonically withx, in generally good agreement with re- Ca** invoked by Itohet al®
ports from Taguchkt al. and Mutaet al'®?* The latter au- 6w=—31 K for the x=0.02 sample implies antiferro-
thors argued that for the lowregime such magnetic behav- magnetic(AFM) interactions in the high-temperature limit,
ior indicates either long-range FM or a spin-glass regimebut neutron diffraction shows no AFM superlattice reflec-
Our neutron-diffraction data show increased intensity intions at any temperature. Nor do we observe any FM contri-
Bragg reflections belowl, unequivocally demonstrating bution to neutron scattering as low as 1G%\onetheless, a
long-range FM, albeit with a saturation moment markedlypronounced deviation from linearity in yAersusT (Fig. 2,
reduced from that predicted for a uniform, ordered ISTo insed, a ZFC-FC irreversibility, and a pronounced hysteresis
state(Table ). Thus, forx=0.1, a significant fraction of the at2 K (Hc=1.4 kOe,M, 7 t=0.3ug/Co) all indicate FM
sample adopts a FM ground state in zero field. This parallelsharacter in this nominally 2% ¢6 sample as well. In
the Sr-doped series, in which magnetic Bragg reflection&SCO 6,y increases rapidly witl, but we can find no report
were also observed for a 10%-doped powder, but not an 8%sf hysteresis fox~0.02.
doped single cryst&° We now turn to the question of spin-state transitions.

For all samples, ZFC and FC curves diverge belbw, Unit-cell volumes provide a marker for spin-state transitions
with the appearance of a peak in the ZFC data. Such irrebecause the Co-O bond length responds to a variable popu-
versibilities have been attributed to spin-glass formation ination of e, antibonding orbitals. In a recent study, Radaelli
the LSCO system.However, Kumaret al. and Ganguly et al. have analyzed the thermal expansion of Laga®
et al. have recently suggested that such peaks reflect a coeterms of contributions from phonons, spin-state transitions,
cive field, Ho>Hpeas 22 Magnetization measurements on and oxygen nonstoichiomethyA similar analysis undertaken
our LCCO samples indicate a pronounddd at 5 K (e.g., here for LCCO shows evidence of two types of crossover
Hc=7 kOe forx=0.2), and we believe this offers the sim- behavior: a doping induced crossover at ldwand a ther-
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295 K 10K L1110 =0.1 at T~80 K, reversing the trend seen at 295 K. The
- “anomalous” behavior of thex<=0.02 sample is qualitatively
similar to that of LaCo@ itself. The introduction of Cb"
may result in formation of IS GO in its immediate vicinity,
as has been suggested in LSE®A fraction of the remain-
ing LS Co'* located far from the Ct™ sites are thermally
I excited to the IS state. This effect will be most pronounced in
L 1106 samples that contain a large fraction of LSCoat base
i temperature. Thus, the thermal-expansion data qualitatively
indicate that C&" in x=0.02, with its dramatic increase \h
for T>40 K, will be predominantly LS at base temperature,
while C&®* in samples<=0.1 will be predominanth5>0.
This discussion can be put on a more quantitative footing
FIG. 3. (a) Cell volume at room temperature affy) at 10 K for by fitting the thermal-expansion data with a Geisen-
the rhombohedral®) and orthorhombic[{l) samples as a function Einstein (G-E) modef' that captures the phonon
of x. Error bars are smaller than the symbols. See text for furthegontributior? to V(T). Extracted parameters are collected in
details. Table I, and a representative fit to the 0.2 data is shown in
Fig. 4(b). Two regimes of parameters are found< 0.1 and
mally induced crossover fax<0.1. These two crossovers X>0.1°° Forx>0.1, Te=440 K anda~0.012. These val-
can be ascribed to a spin-state transition from $ke0 to  Ues can be compared to those proposed by Ratfdeliithe
S#0 electronic configurations at the Eosites with increas- Phonon contribution tov(T) for LaCoG;: Tg=423.34 K
ing x, T. Additionally, the data suggest that the:0.1 sample  and @=6.94<10"°. We thus propose that foc>0.1 the
separates regions of LS and IS ground-state predominanc@ajority of C&'* ions are in the IS state even at 10 K, giving
with both spin states preserved to low temperature at thig V(T) that can be satisfactorily understood solely on the
composition. basis of phonons. For=0.02, although the data can be fit,
Figure 3 shows the rhombohedral cell volumg,as a  Physically unrealistic parameters are obtained that are arti-
function of doping at 295 K and at 10 K. At 295 K/ de- facts of the anomalous thermal expansion. Following
creases monotonically witk as expected by the substitution Radaelli, we suggest that this sample has a marked contribu-
of Co*" for Co®" [rCo®"=0.545(LS), 0.61 (HS), rCd** tion from electronic excitations as well as phonons, which
=0.53 A (Ref. 18]. At 10 K, however, a distinctly different signifies a majority LS configuration at 10 K.
x-dependence is observed:increases for 6:x<0.15, then The case ok=0.1 presents a crossover composition for
decreases on further Ca addition. Although the system bevhich we speculate an inhomogeneous mixture of spin con-
comes FM atx=0.1, the magnitude of the volume Change figurations, with both LS and IS preserved to low tempera-
(AV/V%05% fromx=0 tox= 015) renders magnetostric- ture. Note in Flg 3 that at 10 K the volumes x0.1 are
tion an unlikely explanation. We suggest that the differentgreater than that of=0.02 despite the larger €6 concen-
behavior reflects an average Cospin statgand hence unit-  tration in the former. This suggests that the Ga@tahedra
cell volume that varies smoothly witlx at 295 K but not at  in thex=0.1 samples are, on average, in a higher spin state
10 K. than those inx=0.02 at 10 K. Asshown in Fig. 4b),
The temperature dependence\badds additional weight V(T)/Vy for x=0.1 interpolates between the=0.02,
to this hypothesis. Figure(# shows that on cooling, the ~ X=0.2 curves, indicating that the average spin state in the
=0.02 cell volume crosses below that of samples with
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FIG. 5. Schematic phase diagram of,LaCaCo0O; derived
FIG. 4. () Rhombohedral cell volume an) (V/Vg)(T) for from neutron powder diffractiord] indicateR3c, O Pnma and

x=0.02 (0J), x=0.1 (#), andx=0.2 (A). Lines in(a) are to  V the mixed regime® indicatesé,,. The grey area represents this
guide the eye; the dashed line(i) is a fit (see text mixed phase regime.
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x=0.1 material is intermediate between thosexin0.02, lels the behavior reported by numerous authors for LSCO.
0.2 and thus implies a mixture of LS and IS in this compo-Likewise, there is evidence in both systems of a rapid desta-
sition at 10 K. A fit to thex=0.1 data, while qualitatively bilization of the LS state with doping. However, the Ca-
acceptable, vyields parameter§Tz=246.9 K, «=6.85  doped system undergoes a first-order structural phase transi-
X102 that lie between those extracted from the endpoinfion into orthorhombic symmetry fox>0.1. Thermal-
compositions. A change of slope W(x) is observed ax ~ €xpansion data indicate that at base temperature there is a
~0.1.This slope change may reflect a rapid increase in th&"0SSOVver in the stability of the electronic ground state at
population of the higher spin-state Eoions from doping x~0.1. This is considerably deeper into the phase diagram

concentrations above this level. We thus hypothesize that gﬁan that ob_served in LSCO. Finally, it. is worth commenting
10 K the x=0.02 sample is predominantly LS, the=0.15 that the assignment of the nonzero spin state to IS is far from

sample predominantly IS, and the=0.1 sample a mixture firmly established. Indeed, the lack of a long-range ordered

i S i ) Jahn-Teller distortion in the orthorhombic phase is difficult
with a significant fraction of both LS and IS. Assuming that : ;
to reconcile with an 1S Ct'. Nonetheless, from our data
for T/K=<80, x=0.0is 100% LS and that=0.2 is fully IS,

. R o ) _ there is considerable evidence from both magnetic and
it is possible in principle to extract an estimate of the ratiogermal-expansion data for the presence of a macroscopically
LS:IS from these data. Attempts to fit the data using a “”eafnhomogeneous distribution of spin states. Like LSCO it is

combination of two G-E terms, although yielding a signifi- hrohable that this inhomogeneous mixture is the origin of the
cantly better fit, were troubled by a shallow minimum for the glassy magnetism.

least-squares fit. Nonetheless, the qualitative picture of a
macroscopically inhomogeneous IS-LS mixture appears to
be appropriate.

In summary, LCCO shares many features with LSCO, yet The authors are grateful to the University of Chicago as
exhibits marked differences as well. We present our finding®©perator of Argonne National Laborato({Argonne”) un-
as a phase diagram in Fig. 5. With evidence for both longder Contract No. W-31-109-ENG-38 with the U.S. Depart-
range ferromagnetism and glassiness, LCCO closely paraiment of Energy.
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that might indicate spin-state transitions. 32Implicit to both this argument and that of Radaelli is that the
30However, we note that the magnetometry data of Fig. 2 indicate phonon spectra of LS and IS &odo not differ drastically.
that any ordered moment is likely to fall below neutron- 33The data for the rhombohedral phasexsf0.15 were poorly fit

diffraction detection limits. due to the small volume fraction of this phase. We thus do not
$1The equation used 1¥=V,{1+ af coth(Te/T)—1]}, whereV,, is consider these data in this discussion.

the extrapolated zero-temperature unit-cell volumés the lin- %4These values were numerically extracted from a Debye-

ear coefficient of thermal expansion foe>Tg, and Tg is the Grineisen model fit given in Ref. 1.

Einstein temperature.
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