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Structural details and magnetic order of La; _,Sr,CoO5; (x<0.3)
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The crystallographic structure and the magnetic order of the distorted perovskitgStgo0O; (0.10<x
<0.30) has been studied by neutron diffraction, high-resolution electron microscopy, and magnetic-
susceptibility measurements. The results give direct evidence for an inhomogeneous distribution &f the Sr
ions and the segregation of the material into hole-rich ferromagnetic regions and a hole-poor semiconducting
matrix at lower values ok. The holes introduced by Sr doping are attracted to tHfé &ms where they
stabilize to lowest temperatures an intermediate-spin state at neighboring trivalent cobalt. The antibonding
electrons so stabilized increase the mean unit-cell volume and are delocalized over the cobalt atoms of the
cluster where they couple the localizetconfigurations ferromagnetically. Long-range ferromagnetic order
between clusters is realized even for Sr doping as low=a6€.10. The transition to a spin glass state is
observed only for Sr concentrations smaller than 0.10. The volume of a hole-rich cluster grows in a magnetic
field, and the origin of the large negative magnetoresistance observedhéar0.15<x=<0.25 appears to be
due to a growth of the clusters to a percolation threshold.x=00.30, thec* band of the intermediate-spin
state belowT is at the threshold of a transition from itinerant to polaronic conduction and, abgyehe
system transforms smoothly to a cluster stg8£163-182609)01002-4

I. INTRODUCTION formations into orbitals oriented in tH801) planes; in theR
phase thee electrons occupy a narrow* band ofe-orbital

The remarkable electrical transport properties of theparentage. In the O phase, the CMR has its maximum value
mixed-valent pseudocubic perovskites ;LpA,MnOs,, near the O-O phase boundary whefg. increases dramati-
Ln=rare earth and\ = alkaline earth, have been reported by cally with increasing mean ionic radius of tlesite cations,
many groups, for example Refs. 1-6, and have beethe magnetic transition is first order, and #selectron con-
interpreted in terms of a transition from localized to itiner- ductivity changes from polaronic aboWie. to that of a bad
ant e-electron behavior in the presence of localizcton-  metal belowTc .
figurations = 3/2) at the high-spin Mn-atom configurations  Both theory and experiment have indicated that a first-
of meant3e!~* character. In particular, a huge magnetore-order transition occurs at the crossover from localized to itin-
sistance, so large as to deserve the description “colossa&rant electronic behavior. Where the critical temperature for
magnetoresistance(CMR), has been observed above a fer-segregation of a localized-electron and an itinerant-electron
romagnetic Curie temperatufig in mixed-valent composi- phase is too low for atomic diffusion, phase segregation may
tions having an O-orthorhombic{a>v2) structure. For a be accomplished by atomic displacements. In transition-
fixed Mn(IV)/Mn ratio, e.g., 0.3, theAMnO; perovskite metalAMO; oxides with the perovskite structure, an oxygen
evolves across the O-orthorhombic phase from ardisplacement within 4180°«) M-O-M bond introduces a
O’-orthorhombic ¢/a<v2) phase to anR-rhombohedral shorterM-O bond on one side and a longer one on the other.
phase in a narrow range of increasing mean ionic radius o€ooperative oxygen displacements can segregate domains
the A-site cations. In the Ophase, localized electrons at  with shorter metal-oxygen bonds from those with longer
Mn®" ions are ordered by cooperative local Jahn-Teller debonds; and in a mixed-valent system, higher oxidation states
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are stabilized in the domains with shorMr O bonds. In this  uniform IS state(t3o*%; S=1). If the Fermi energy of the
way, an electronic phase segregation is accomplished withs* band intersects th€> energy level in this model, the
out the introduction of the chemical inhomogeneities thatsystem would correspond to an “intermediate-valence” state
characterize a conventional phase segregation by atomic difto use rare-earth terminology§‘50*1+5 having a mean
fusion. Moreover, such a phase segregation would allow thepin S=1+ § with a § that increases with temperature. The
phase boundaries to be mobile. Where one phase is ferrparameters would correspond to the fraction of HS state
magnetic with a Curie temperature significantly higher thanadmixed with the IS state.

the other phase, superparamagnetic clusters may be stabi- Substitution of S¥" for La®" in La;_,Sr,CoO; oxidizes
lized above the long-range ordering temperatlireof the  the CoQ array. The evolution with Sr doping of the mag-
matrix and spin-glass behavior may be found beBwin  netic and transport data has been interpreted as foltbws.

the absence of any measurable chemical inhomogeneitfFor 0<x<0.1, the holes introduced into the Cg@rray sta-
Moreover, if the superparamagnetic clusters are rich in itinbilize to lowest-temperature IS clusters that are trapped at
erant charge carriers and the short-range cooperative atom®?* ions; the IS clusters become superparamagnetic below a
displacements are dynamic, the application of a magnetiferromagnetic Curie temperatufE-~230 K, which indi-
field may enlarge the volume of the superparamagnetic cluszates the clusters are isolated from one anotfigrin the

ters to beyond their percolation threshold to give a CMRrange 0.:x=<0.18, the IS clusters become larger, each con-
Such a situation has been suggeStecbe responsible for the aining several holes, and interactions between isolated su-
CMR phenomenon in the manganese-oxide perovskites. Thesrparamagnetic clusters give a spin-glass behavior below a
present work was undertaken to see whether such an intefsmperaturg’,<T. A collective freezing of the cluster mo-

pretation would be applicable in another perovskite SySterT|)nents beIong via frustrated intercluster interactions has

exhibiting a CMR. _ _ been confirmed! but whether the large IS clusters are
A large magnetoresistance observed in LSrCoO0, SrP*-rich has not been establishe(ii) In the range 0.18

thin film§ at_doping Q.l&xso.z_o (Ref. é@ﬁ&as stimulatgd 8 <x<0.25, the size of the IS clusters appears to vary with
reinvestigation of this perovskite system:> A reexamina- temperature belowW ¢ so as to pass through a temperature

tion of the L3 _,Sr,Co0; phase diagram was also matie/ range where, in zero applied field, the volume of the metallic

just prior to the report of a large magnetoresistance. LaCoO; gters exceeds the percolation threshold. In this composi-
had been known to exhibit remarkable transport and ma

MaGonal range, the ferromagnetic clusters are coupled ferro-

f I (LS high-soin(HS X di ?nagnetically to one another below a metal-insulator transi-
rom a low-spin(LS) to a high-spin(HS) or intermediate- ;" T <Tc~240 K, whereT), increases tol¢ with

spin (IS) state at the trivalent cobalt atortfsSr doping sta- increasingx. (iv) For x>0.25, the percolation threshold for

bilizes the IS spin staté. he ferromagnetic metallic clusters is exceeded at all tem-
At room temperature and below, the parent COmpo'“'miyeraturesT<TC, as has also been confirm&dA powder
LaCoG; is an insulator with a rhombohedraRBc) perov-  neutron-diffraction study has also confirmed the presence of
skite structuré® At lowest temperatures the trivalent cobalt long-range ferromagnetic order far>0.2, but no magnetic
are all in the LS'A, state(t30* % S=0) with no long-range  scattering was observed at lower doping lev8ls.
magnetic ordef’?* With a uniform LS distribution, the As in conventional metallic ferromagnets, samples with
empty e orbital can be anticipated to form a narrow anti- x>0.25 have a resistivity versus temperature curve that
bondingo™ band of itinerant electron states that are stronglychanges slope atTc where spin-disorder scattering
hybridized with the O P,, orbitals. A small energy separa- saturates* Samples with dopings 0<2x< 0.4 show a small,
tion between the LS state and the HS, state (36%S  negative magnetoresistan¢gp/p|<10% in a magnetic
=2) allows thermal excitation of HS configurations that in- field of 6 T) that becomes positive at=0.5° Larger values
crease in population with temperatdfelt was postulated of the magnetoresistandep to |Ap/p|~40% forB=6T)
early” that the displacement of oxygen atoms away from thayere observed as the doping approacke$).2, the compo-
HS configurations with localize@® (or e* at an IS ion  sition where the ferromagnetic IS clusters approaches their
would stabilize LS configurations at neighboring cobalt at-percolation threshold in zero applied fiéftiCorrelation of
oms, but no static ordering of LS and HB8r IS) ions has the large magnetoresistance with a loss of metallic conduc-
been observed. On the other hand;9glbauer dafd distin- tivity was attributed to the loss of long-range ferromagnetic
guished two kinds of trivalent cobalt atoms below 100 K, order forx<0.2!>?° which is consistent with a loss of per-
and infrared spectroscofy has identified dynamic Jahn- colation in zero field of the metallic IS clusters.
Teller deformations at localized IStg(sl) configurations To determine the details of the structural changes induced
rather than dynamic breathing modes of H$e€) configu- by doping with Sr the LaCoQparent compound and to
rations. Moreover, the bulk conductivity and dielectric prop-check whether magnetic ordering of any kind could be de-
erties below 350 K support polaronic charge transfolh  tected for doping levelsx<0.2, we have performed a
the temperature range 380 <650 K, the transport proper- neutron-diffraction experiment on samples of, LgSr,CoO,
ties of LaCoQ change smoothly from that of a thermally (x=0.10, 0.15, 0.20, 0.25, and 0)30nder better conditions
activated semiconductor to that of a metal, a metallic temfor instrumental resolution and sensitivity than those re-
perature dependence becoming stable above 650 This  ported in Ref. 28. The neutron experiments have been
change may be attributt'® to a transition, as the polaron complemented by high-resolution transmission electron mi-
population exceeds 50%, from localized IS configurationscroscopy and by measurements of the linear and nonlinear
coexisting with LS configurations at nearest neighbors to aomponents of the complex magnetic susceptibility. The re-
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sults have allowed a complete crystallographic study and re-
vealed that ferromagnetic order is indeed present at low tem-
perature even in thex=0.10 sample, although with a
strongly reduced ordered moment. Information on the spin
state of the trivalent Co ions has been obtained from the
variation withx of the Co-O distance and the volume of the
unit cell. A peculiar behavior has been observed for xhe
=0.30 sample for temperatures higher than the Curie point
Tc=227 K, where the lattice thermal expansion deviates
from the Gruneisen behavior and the equilibrium Co-O bond
length dramatically increases. These observations, together
with large departures of the magnetic susceptibility from the
Curie-Weiss law and the sudden growth of a temperature-
dependent component in the small-angle neutron scattering
distribution, are taken as evidence for the formation of iso-

lated magnetic clusters and a transition from itinerant-
Lay /Sry sC00;. The periodicity of the bright fringes changes with

the spatial position inside the sample, indicating an inhomogeneous
distribution of the La ions. The observation can be simulated as-
suming the presence of aperiodically alternate Sr-rich and La-rich

The specimens of La,SrCoO; (x=0.10, 0.15, 0.20, (013 planes, as shown in the inset.
0.25, and 0.3pused in the present study were prepared by a
coprecipitation method from L&, Co(NO3),6H,0, and IIl. ELECTRON MICROSCOPY

SrCG; as starting materials, following the procedure de-  High-resolution electron microscop$HREM) was used
scribed in Ref. 16.(See Note added in proof. A small  to analyze samples with Sr context0.15 and 0.30 in a
amount of a sample witk=0.05 was also prepared by the search for possible segregation or ordering between the La
same method for magnetic susceptibility measurements. Thend Sf* cations. No superstructure spots were detected in
products were fully characterized by x-ray-diffraction, differ- any of the various crystallites selected and oriented along
ential thermal analysis, thermogravimetry, iodometric titra-different zone axes. However, evidence for the presence of
tion under nitrogen atmosphere, electron microscopy, and auole-rich regions imbedded in a hole-poor matrix was ob-
magnetic susceptibility measurements. The samples weitained from the observation of bright fringes with nonuni-
stoichiometric and thermally stable; no evidence for any im-form periodicity in HREM micrographs taken along the
purity phase was found in either x-ray or neutron diffraction.[0—1 1] zone axis(Miller indices referred to the rhombohe-
Particle size and morphology were studied with a JEOL 640@lral cel). One of the images recorded for the:0.30 sample
scanning electron microscope, which revealed individualS shown in Fig. 1. The different spacing between the bright

particles with quite perfect spherical shape and size betwedfinges in the matrix and in the region indicated by the arrow
700 and 900 nm. cannot be accounted for either by variations in the sample

thickness or by crystallographic defects. On the other hand,
the observations can be locally simulated by assuming the
resence of aperiodically alternate Sr-rich and La-(&h 1)

II. EXPERIMENTAL PROCEDURE

The linear and nonlinear components of the ac magneti
susceptibility were measured as a function of temperatur

with & Lake Shore 7000 system using the mutual-inductanc lanes. Different periodicity for the bright fringes can be

technique. Data were collected on warming from 13 to 300 obtained by changing the repetition ratio between Sr-rich and

aftefr zer%—flellctjhcoolg gs(g thSeHsgmpIe. The c?hbratuoz W:jisLa—rich planes. Simulations of this kind have been performed
performed with a GgSQ,)38H,0 paramagnetic standard \ i, the EMS software packag®,and an example of the

having the same shape and size as the investigated samplgsq s optained is shown in the inset of Fig. 1. Hole-rich

High-resolution transmission electron microscopy Obser'regions with sizes ranging from 8 to 40 nm were detected in
vations were carried out on the=0.30 and 0.15 samples at poth thex=0.15 and thex=0.30 samples.

room temperature with a Philips CM200 microscope offering
a point-to-point resolution of 0.27 nm.

The neutron powder-diffraction experiments were carried IV. MAGNETIC SUSCEPTIBILITY
out on the hlgh—res'olutlo'n ngutron. dlﬁractometer D2B and On the basis of magnetization measurements, the mag-
the me(_jlum-resolutlon, hl_gh-lnte_nsny diffractometer D20 of e phase diagram of La,Sr,CoO; has been divided into
the Institute Laue-LangevifiLL ), in Grenoble, France, cov- 5 gpin-glass region for€x<0.10 and a cluster-glass region
ering the angular range §26<165° with incident neu-  for 0.10<x<0.63"%the appearance of the spin-glass state
trons of wavelengttx =1.5943(1) A anc\ =2.4062(5) A,  being ascribed to the frustration of random exchange inter-
respectively. On both instruments, data were collected actions.
several temperatures on warming from 2.5 to 300 K with the Our susceptibility measurements indicate that a spin-glass
sample contained in a 5-mm-diam, cylindrical vanadium carbehavior can be assumed only at very low Sr doping, a more
inside a helium cryostat. complex phenomenology emerging alreadyxat0.10. The
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For x=0.05, the linear susceptibility has a shape that is
usually observed in spin-glass systems, with a sharp cusp at
FIG. 2. Real part of the linear magnetic ac susceptibility as a@ temperaturd ;=20 K. The hypothesis of a spin-glass state
function of temperature for La,Sr,CoO; (0.05<x<0.30). Data  at this composition is supported by the behavior of the non-
were taken with a driving field of amplitudd,=3.75 Oe oscillat-  linear susceptibility, which also shows a cusp around 20 K.

ing at a frequency of 1 kHz. As the freezing temperatufig is approached, the mean-field
theory for spin glasses anticipates a critical divergence for
real part of the linear magnetic ac susceptibilgy, and the  |y;| according to the power laW(T—T¢)/T;]~?. In the
magnitude of the third-harmonic nonlinear susceptibility,present case, we obtain a critical exponest1.1, which
|(43‘1)X3H§|, are shown as functions of temperature in Fig. 2compares favorably with the values obtained for canonical
and Fig. 3 for samples with 0.85x<0.30. The linear com- SPin-glass systems. A freezing of the magnetic moments
ponent was measured with a driving field of amplitudg ~ into & spin-glass state has been suggested also for
=3.75 Oe oscillating at a frequency of 1 kHz. The nonlinearl-20.925%.,06C00;, Where a polarized neutron scattering study
term was obtained from the third harmonic of the voltageh@s shown that the paramagnetic scattering increases steadily
induced in the p|Ckup coils by the time_varying Samp|e mag_W|th decreaSIng temperature but saturates below éa K.
netization. The primary coil was driven at a fundamental The magnetic behavior for=0.10 is more complicated.
frequencyf =9 kHz while the reference input to the lock-in The nonlinear susceptibility component has a rounded shape

amplifier, set to a band-pass filter mode of operation, was atimilar to that observed for @St sCo0;;>* it has been
a frequency 3. attributed to the freezing of ferromagnetic clustérslhe

onset of the linear susceptibility at about 230 K, steeper and

Temperature ( K)

2.0 e steeper with increasing announces ferromagnetic ordering
Lok wm%@w% ] for all the samples. However, the variation witof the y’

1.5 by - magnitude indicates that the ordered phase occupies only a
= 5?,' %2005 @ . fraction of the volume; this fraction increases with the Sr
2 1.0 . 010 ¥ . content. The maximum near 60 K, observedxer0.10 and
- EooA 3 ] 0.15, indicates spin-glass behavior persisting in the volume
o 500 ~ 7 of material that is not ferromagnetic. These features become
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FIG. 3. Magnitude of the third-harmonic nonlinear susceptibility
measured for La ,Sr,Co0O; (0.05<x=<0.30) as a function of tem- FIG. 5. High-resolution neutron-diffraction patterns recorded at
perature. Data were taken with a driving field of amplitudg different temperatures for aSr, ;C00;; the intensity distribution
=1.25 Oe oscillating at a frequency of 9 kHz. is plotted as a function of the inverse interplanar spacing 1/
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This result excludes the occurrence of static crystallographic
FIG. 6. Neutron-diffraction patterns observed for LgSr,CoO;  distortions to structures with two inequivalent Co sites.
(x=0.10, 0.15, 0.20, and 0.2at T=15 K. The(1 1 0 Bragg peak The growth in intensity of the low-angle reflections re-
is shown in the inset at 270 Kiriangles and 2 K (dots. The  veals that ferromagnetic order occurs at low temperature
increased intensity at low temperature is due to the ferromagnetieven in the sample with Sr content as small as 0.10. As
order of the Co magnetic moments. shown in the inset of Fig. 6, this growth in intensity is most
evident at thg1 1 0 position due to the very small nuclear
less and less evident as, with increasinghe cluster size Structure factor for the corresponding crystallographic Bragg
grows and a perco|ating network of clusters is formed. peak. No magnetic satellites have been detected, eXCIUding
In the samples wittkc=0.25 and 0.30, deviations from the the development of antiferromagnetic order of any kind, at
Curie-Weiss law are apparent well abdlig, as is shown in l€ast down to 2 K. The observation of ferromagnetic order
Fig. 4, where the inverse susceptibility is plotted as a funcfor samples withx<<0.2 is at variance with the results re-
tion of T. These deviations are similar to those observed foPorted in Ref. 28, where a magnetic Bragg peak was ob-

La,_,CaMnO; (Ref. 35 and suggest the presence of fluc- Served only forx=0.2.
tuating short-range-ordered regions. At T=4 K, magnetic and nuclear Bragg peaks have the

same linewidth, which is slightly larger than the instrument
resolution. Although the linewidth of the magnetit 1 0

V. NEUTRON DIFFRACTION reflection becomes progressively broader with decreasing
_ _ _ the correlation length for the magnetic order remains several
A. Diffraction patterns and data analysis hundreds of angstroms even far=0.10. No temperature

Selected diffraction patterns recorded on D2B for the Variation of the(1 1 0 peak shape could be detected for
=0.30 specimen at different temperatures are shown in Fig=0-20, 0.25, and 0.30. On the contrary, for 0.15 this peak
5. The results obtained &= 15 K with D20 for the other ~Decomes broader as the temperature is incredsgd?); the
investigated La ,Sr,CoO; samples(x=0.10, 0.15, 0.20, ferromagnetic correlation length changes from about 700 A
and 0.25 are shown in Fig. 6. All the observed Bragg peaksbelow 80—-90 K to about 300 A for temperatures between 90

can be indexed in the rhombohedRac space group, with and 200 K. The magnetic i'ntensity for thke=0.10 sample
only one Co site. At no temperature or composition was thdVas 100 weak for an analysis of the temperature dependence

. . — of the line shape.
(113 reflection (allowed in theR3 symmetry observed. Rietveld analysis of the diffraction patterns was per-

formed with the programs available in the GSASeneral

)
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FIG. 7. The(1 1 0 Bragg peak for LggsSry 1£C00; at three
temperatures. The peak is resolution limited ab®yg230 K) and
at the lowest temperature. A broadening can be appreciated in the FIG. 9. The crystallographic structure of L3Sr,Co0; (0=<x
temperature interval between 80 and 230 K. =<0.30). Only two Co@ polyhedra are shown for simplicity.
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TABLE I. Cell parametersd, «), oxygen fractional coordinate), isotropic temperature facto(B), and ordered magnetic mome()
for La; S, CoO; (0.10<x=<0.30) at 2 K. The parameters are referred to the rhombohedralspase groufR3c, No. 167. The L&Sr)
ions occupy the 24) sites with fractional coordinateg,3 ,3), the Co is at 2i§), (0,0,0, and the O is at 6) (X, 2 —x,3).

Sr content 0.10 0.15 0.20 0.25 0.30
a(A) 5.36471) 5.37131) 5.38072) 5.38641) 5.39333)
« (deg 60.8262) 60.7582) 60.6632) 60.6052) 60.5341)

Oxygenx 0.201G2) 0.20322) 0.20513) 0.20812) 0.21022)
B, (A?) 0.204) 0.183) 0.176) 0.164) 0.153)
Bco (A?) 0.434) 0.423) 0.406) 0.394) 0.396)
Bo (A?) 0.654) 0.633) 0.626) 0.61(4) 0.6012)

w (ug) 0.31) 0.522) 1.265) 1.593) 1.71(2)

Structure Analysis System suite of crystallographic jump as the composition is changed fraew 0 to 0.1, but it
routines®® Structure parameters, isotropic temperature facis scarcely influenced by a further increase of the Sr concen-
tors, oxygen occupation factor, and cell parameters were deration up tox=0.30 (Fig. 11). The bond lengths fox
termined from single or automatic sequential refinements=0.10 are intermediate between those obtained from the sum
The scattering lengths used werb ,=8.24fm, bs,  of tabulated ionic radit® namely 1.95 A for HS C% and
=7.02 fm, bc,=2.49 fm, andby=5.805fm. The angular 1.89 A for LS CG&".
dependence of the magnetic scattering amplitude was de- The rhombohedral distortion is due to the cooperative ro-
scribed with the free-ion form factof(sin 6/\) for Co®*  tations of the Cog), polyhedra about the threefold axis of
(the difference between the form factors for®C@nd C6"  the ideal cubic perovskite structure, and it can be measured
being smaller than 2% in the investigated range oféin.>" by the departure from 180° of the Co-O-Co angle, which also
The background was fitted with a 12th-order shifted Chebymodulates the strength of the Co-O-Co interaction. On the
chev polynomial, and the shape of the Bragg peaks was dether hand, the deviation from 90° of the O-Co-O angle
scribed by a four-term pseudo-Voigt function. The final gives a measure of the distortion of the cubic Gg®@ctahe-
weighted patterR index, R, varied between 2% and 4%. dra. As shown in Fig. 12, an increasexafesults in a smaller
Observed, calculated, and difference diffraction patterns foand smaller rhombohedral distortion and in the straightening
Lag 7Sip.sC00; at 2 K are shown, as an example, in Fig. 8. of the CoQy, polyhedra, the corresponding angles varying
almost linearly withx. The combined effect of these struc-
B. Variation of the structural parameters tural variations is to enhance the Cal}30(2p)-Co(3d) in-
with Sr content at T=2 K teractions, which broadens the* band and is consistent
with the occurrence of the semiconductor-to-metal transition

The crystal structure of La,Sr,CoO; (0=<x=<0.30) is with increasingx.

shown in Fig. 9. The structural parametersTat 2 K, re-
ferred to the rhombohedral axes, are reported in Table I. The
refinement of the oxygen occupancy confirmed that the in-

vestigated samples were oxygen stoichiometric within 0.8%. o
As shown in Fig. 10, the volume of the unit cell has an  The temperature variation of the relevant bond angles for

abrupt expansion as Sris introduced at small doping lev- thex=0.30 sample is shown in Fig. 13. A similar behavior
els, but it increases linearly with the Sr contenfor x ~ Was observed for all the other investigated compositions. The

>0.10. The equilibrium Co-O bond length also makes gStructural modifications induced by an increase of tempera-
ture are very small up to about 50 K. At higher temperatures,

C. Temperature variation of the structural parameters

—
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FIG. 10. Variation withx of the Lg_,Sr,CoO; rhombohedral

unit-cell volume. The linear fit for 0.50x<0.30 emphasizes the FIG. 11. Equilibrium Co-O bond length as a function of the Sr
initial jump at small St" doping levels. Error bars are smaller than contentx, at T=2 K. After an initial jump, the Co-O distance re-
the size of the dots. mains almost constant asis increased up to 0.30.
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i
the distortion decreases with increasing temperature in the g 1.9270
same way it doest&@ K with increasing Sr concentration: the @
0O-Co-0 angle moves towards 90°, the value corresponding 8

to perfect Co@), octahedra, and the rhombohedral distortion 19260 Faoiulir ittt i,
decreases as the Co-O-Co angle becomes larger. The varia- ' 0 50 100 150 200 250 300
tion seems to saturate on warming above the Curie point.
As shown in Fig. 14, a small but significant increase of
tf;le ﬁqu'“b”ﬂm Clo?O_d|stanc_e was ob_servrfd Or? Wgrméng for FIG. 14. Temperature variation of the equilibrium Co-O dis-
all the samples. It is Interesting to notice that the Co- Or]q<smce for samples with 0.50x<0.25. The expansion between 2 K

length is Ia_rg_est fov(=0._20, close _to the Semicondl_Jctor-to-_ and room temperature is smaller than 0.07% for all the samples.
metal transition. A peculiar behavior of the Co-O distance isthe |argest Co-O distance is attained sat 0.20, close to the

observed ak=0.30(Fig. 15. At this composition, the Co-O  semiconducting-to-metal transition boundary.

bond length remains almost constant up to about 230 K, near

the Curie pointT¢, and increases dramatically in the para-thermal expansion coefficient fdr>Te . The solid lines in

magnetic phase. As discussed below, this behavior can Had. 16 are calculations with the above formula for fhe

attributed to a transition from itinerant to polaronic conduc-and ;. values shown in Fig. 17 and tte values given in

tion at T ; magnetic polarons are stabilized abdie. Table I. To be noted are the reductions of bdthand o
The temperature variation of the rhombic cell parametefh@t accompany the transition from the semiconducting

ag is plotted in Fig. 16 fox=0.10, 0.15, 0.20, and 0.25. The Phase, ak=0, to the metallic phase, at=0.20.

lattice thermal expansion is typical for a solid and can be For x=0.30, a regular _ther_mal expansion is (_)bserved as
fitted to the formula long as the sample remains in the ferromagnetic phase. As

shown in Fig. 18, a departure from the @aisen behavior is
a Te Te evident abovel¢; the lattice parameter increases more rap-
coth —=|—1|;, idly than expected. The observed deviations from the calcu-
2 2T
lated values are correlated to the anomalous temperature
which is obtained from the Gneisen approximation for the Vvariation of the Co-O distancec,.o, as can be seen in the
anharmonic phonon effects and the Einstein model for thénset of Fig. 18, where the ratio [deo.ofT)

Temperature ( K)

aR(T) = ao 1+

constant-volume specific heay is the value ofag at T —dco.o{0)]/dco.o(0) is compared to the relative difference
=0, T is the Einstein temperature, ang is the linear (ar obs— ar,cald’ @R calc-
1.9280
168.5 rrrrrrrrr e - I
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£168.0 |- 1779 o 1.92751 S
L ] [$] L |
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FIG. 15. The equilibrium Co-O bond length as a function of

FIG. 13. Temperature variation of the Co-O-Co and O-Co-Otemperature for Lg;Sr sCoO;. A dramatic increase occurs above
angles for Lg;Srp 00 230 K. The broken line is a guide to the eye.
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FIG. 18. Temperature dependence of the rhombohedral lattice

FIG. 16. Temperature dependence of the rhombohedral Iattic%"’l-ramerer{jIR for LagS14C00,. The solid line is a fit to the

S runeisen-Einstein model. The inset shows the comparison be-
parameteilg for La; _,Sr,Co0; (0.10<x=<0.25). The solid line is P

a fit to the Greisen-Einstein model with the parameters plotted jntveen the relative variatiopdeo.o(T) ~ deo.o(0)]/deodl0) of the
Fig. 17 Co-0 distance and the relative departure of the lattice parameter

from the value predicted by the Greisen-Einstein formula,

a —a /a, .
D. Magnetic order parameter (3R, 005~ 8 caid/ AR, calc

The Rietveld analysis of the magnetic-intensity distribu-in the w(T) curve for thex=0.30 sample, while a strong
tion indicates a ferromagnetically ordered low-temperaturdluctuation tail seems to be present above the scaling value of
phase with the Co magnetic moments oriented along thé&c for x=0.25.

(1 0 O direction of the rhombohedral cell. The values of the

ordered moment at =2 K are given in Table I; they vary V1. DISCUSSION
with x in a nonlinear way, fromu=0.3(1)ug for x=0.10 to
n=1.71(2)ug for x=0.30. In LaCoG;, the transition of the cobalt LS configurations

For thex=0.10 sample, the magnetic contribution to theto @ higher-spin configuration with increasing temperature
diffraction profile was too weak to allow a proper determi- introduces antibonding electrons, which increases the equi-
nation of the ordered moment through the Rietveld methodlibrium Co-O bond length. A continuous increase in the frac-
and we limited our analysis to the evaluation of the magnetidion of higher-spin C8" ions gives a smooth transition that
moment &2 K from the integrated intensity of the 1 0) translates to an unusually large thermal expansion of the lat-
peak. For the other compositions, the temperature depetice. For localized electrons, a LS state normally transforms
dence of the magnetic moment was refined, and the result§ @ HS state; but it was recognized that stabilization of an IS
are compared in Fig. 19 with the Brillouin function far  State might be expected in a solid wherelectrons are trans-
=2. Approaching the Curie point, the magnetic momentformed into itinerant-electrow™-band states, and a subse-
scales as?, wheret=1—T/T, with almost the same Curie guent LDA+U calculatiorf® has suggested that above a criti-
temperature =227+4 K for all the Samp|es anﬂ close to cal Co-O bond Iength the IS state would be more stable.
0.4. It should be noted that a considerably smaller valye of Photoemission and X-ray spectroscopy studies support a
was obtained in the La manganates due to an importarimooth transition to a higher spin stéte-owever, dynamic
Sing|e_i0n anisotropy term in the Hamiltonian for that Jahn-Teller deformations obser@édlt isolated IS cobalt in
systent® A deviation from the mean-field prediction is evi- LaCoG;indicate neighboring LS trivalent cobalt confines the
dent for both thex=0.15 and thex=0.20 samples, with a

step near 0B in the temperature region where the mag- 1.0 ”'H}' AR ﬁ]ﬂi‘;} T
netic Bragg peak becomes sharper and the slope of the sus_o.sf + ) + 1t ’*#}“\ E
e . .. =) F AN F N 1
ceptibility curve changes. A much smaller step is also visible X, | * H 4', 1f N ]
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FIG. 19. Reduced magnetic ordered momeht.(T=0) vs re-
FIG. 17. Variation of the Einstein temperaturg and the linear  duced temperatur€/ T . The broken line is the mean-field predic-
thermal expansion coefficient far> T, , with the Sr contenk. tion for theJ=2 Brillouin function.
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e electrons to localizet®e? IS configurations below 350 K. (below percolatiohat lowest temperaturé§ The large mag-
With increasing concentrations of higher-spin configurationsnetoresistance nedfr. in this compositional randereflects
whether HS or IS, the formation of IS metallic clusters hasthe growth to percolation of the metallic, ferromagnetic clus-
been predicted’ for the interval 356 T<650 K, a global ters in an applied magnetic field.
IS state being stabilized only above 650 K. The anomalous The step in the magnetization versus temperature curves
thermal expansion observchear 500 K may reflect con- of the x=0.15 and 0.20 samples, Fig. 19, may be attributed
solidation of the IS clusters rather than addition of some HSo an increase in the globdl: with increasing percolation
configurations. above 150 K; the local - for the superparamagnetic clusters
High-resolution electron microscopy provides evidencedoes not change significantly with An increase in the size
for an inhomogeneous distribution of the?Srions in the  of the metallic clusters at percolation would also give an
La, _,Sr,Co0; system. The C@dV):t°e° ions are in a low- increase in the mean cobalt spin. By:0.30, percolation is
spin state, the stronger QW)-O covalent bonding stabilizes established, and the deviation of the magnetization from
IS Ca**:t5%? at the neighboring cobalt atoms to lowest tem-mean-field behavior is small.
peratures, and the! electrons are shared with the @©o) A spin-only magnetization for IS La ,Sr,CoO; would be
ions within an IS molecular-orbital cluster. The shaed (2—x)ug/Co; the LDA+U calculatiof® gave 2.ug/Co
electrons couple the localizégd configurations ferromagneti- for x=0. The observed magnetizations for ferromagnetic
cally, so the clusters become superparamagnetic within Ba; ,Sr,CoO; compositions are consistent with a ferromag-
Co**-ion matrix in which the IS configurations remain local- netic IS matrix containing LS Q#V)-poor clusters that de-
ized and paramagnetic below room temperature. Loss dafrease in volume with increasing=0.25. However, even in
oxygen above room temperature has restricted the tempertire x=0.10 sample the widths of the magnetic Bragg peaks
ture range of measurement of Sr-substituted samples. Tha the neutron-diffraction profiles indicate a spin-correlation
observation of Si" ion clustering indicates an instability length of several hundred angstroms. This observation indi-
relative to the formation of S¥-rich clusters containing cates ferromagnetic coupling between clusters is occurring
hole-rich IS configurations within a hole-poor matrix. The via superexchange interactions before the percolation thresh-
degree of such chemical heterogeneity would depend on thgd is reached.
thermal history of the sample and its eventual oxidation The anomalous thermal expansion of #e0.30 sample,
state, so the critical concentration for the onset of long-rang€ig. 18, deserves special attention. A small-angle-neutron-
ferromagnetic order may differ from one sample to anotherscattering(SANS) experiment performed on the same speci-
from one laboratory to another. On the other hand, there waen used in the present investigation has shown a magnetic
little evolution of the degree of chemical heterogeneity in oursignal that increases with temperature to a sharp maximum a
samples on going from=0.15 to 0.30 whereas there is a little aboveT,* suggesting a growth to a maximum &g
strong evolution of the size of the ferromagnetic IS clustersin the number of ferromagnetic regions with sizes of the
Therefore, we presume that mobile two-phase interfaces amrder of 10—15 A on warming through. . Similar observa-
also present as a result of dynamic cooperative oxygen disions for Ca-doped LaMnghave been interpreted to indicate
placements that segregate, below room temperature, ferre-break-up of long-range ferromagnetic order ab®yento
magnetic hole-rich regions of IS states with itinerart ~ magnetic polarons stabilizing regions of short-range ferro-
electrons from hole-poor regions in which the higher-spinmagnetic order.However, a maximum in the thermoelectric
configurations at C8 ions remain localized and paramag- power suggests the regions of short-range ferromagnetic or-
netic due to their isolation by neighboring LS @&) ions.  der trap out mobile polarons from the matrix, which indi-
We employ this assumption to interpret the unusual evolueates the “magnetic polarons” represent a second electronic
tion with x of the physical properties in the LaS,CoO;  phas€. This interpretation can also be applied to
system. Lay 7Sty :C00;, which shows an increase in spin-disorder
The composition-driven transition to the metallic, ferro- scattering on the approach @: and a maximum in the
magnetic phase at=0.2 can be considered to occur at athermoelectric power a little abovE: (Ref. 16 but with
percolation threshold for IS metallic clusters; the thresholdretention of a metallic temperature dependence of the con-
composition would vary with the size of the IS clusters andductivity in the paramagnetic matrix to room temperature.
hence with the strength of an applied magnetic field above In a SANS experiment, the energy of the scattered neu-
the long-range ferromagnetic-ordering temperafligg¢ be-  tron beam is not analyzed and, therefore, what is obtained is
low T¢, the Weiss molecular field stabilizes larger IS metal-the magnetic response integrated over a large energy window
lic clusters. The ferromagnetic superexchange coupling bezentered at zero energy transfer. This means that the ob-
tween hole-rich ferromagnetic clusters beldlix is via  served clustering effect, which is also manifest in the strong
alternating LS and localized IS €bion states of the hole- deviation of the magnetic susceptibility from Curie-Weiss
poor matrix; but a decrease in the concentration of localizedbehavior, may be dynamic in origin as would occur for short-
IS states at lower temperatures can break this superexchangenge ferromagnetic fluctuations.
coupling, thereby reducing the Weiss molecular field that A transition from an itinerant electron to a cluster or po-
induces growth of the ferromagnetic clusters beyond percolaronic state can account for the dramatic increase in the
lation. In the compositional range 04%< 0.3, the variabil- Co-O bond length on heating throudl.. According to the
ity of the critical composition for percolation with the Weiss virial theorem of classical mechanics, which states for
molecular field of the hole-poor matrix is manifest by the central-force fields that (X)+{V)=0, an increase in the
appearance beloW, of a metallic statébeyond percolation mean kinetic energyK) of the electrons on changing from
on cooling throughT ¢, but with a reentrant insulating phase itinerant to polaronic behavior must be compensated by an
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increase in the magnitude of their negative mean potentiatetic field, and in the range 0.&5=<0.25 the volume of the
energy|(V)|. For antibonding electrons, an increase in thehole-rich clusters approaches percolation. In this composi-
Co-O bond length stabilizes the @@)/Co(lll) couple, tional range, percolation may be induced abdveby the
thereby increasind(V)|. In order to maintain itinerant- application of a magnetic field to give a large negative mag-
electron behavior on the approach to a transition to polaroniaetoresistance; on cooling beloil., the Weiss internal
behavior, a perovskite system may maintain a fiMdO  magnetic field induces percolation, but on further cooling a
distance while straightening tHd-O-M bond angle, as is reentrant break-up of percolation occurs as the ferromagnetic
observed in th&=0.30 sample; the rhombohedral distortion coupling between hole-rich clusters is weakened by a de-
of the perovskite structure is seen to diminish on heating, therease in the concentration of higher-spin cobalt in the ma-

Co0;,, polyhedra moving towards perfect octahedra. trix. At x=0.30, percolation is retained at all temperatures
below T with retention of a constant Co-O bond length; but
VIl. CONCLUSIONS SANS shows an increase in the concentration of short-range

) ) ) ) _ ferromagnetic clusters that reaches a maximumcgtabove
High-resolution electron microscopy, linear, and nonlin-T_ the mean Co-O bond length increases sharply with tem-
ear magnetic susceptibility and neutron-diffraction experi-perature indicative of a confinement of the delocalized elec-
ments have been performed to study the crystallographigqons to clusters of finite volume abovi: even though a
structure and the magnetic order in the rhombohedrally dismetallic temperature dependence of the conductivity is re-
torted perovskites La SrCo0; (x=0.10, 0.15, 0.20, 0.25, tajned to room temperature. The paramagnetic susceptibility,
and 0.30. The parent compound LaCg®as all low-spin  Fig. 5 confirmed retention of extensive short-range ferro-
Co(lll):t%° configurations at lowest temperatures, but ther-magnetic order for 60 K abovéc .
mal excitation of higher-spin configurations introduces an  Ejectron microscopy showed evidence of Sr-rich phases
anomalously large thermal expansion. The higher-spin conp the x=0.15 and 0.30 samples indicating that segregation
figurations appear to be I8e" and to remain isolated and of a hole-rich phase persists above room temperature and
localized below 350 K; above 650 K, all the trivalent cobalt attracts S+ ions. However, the absence of an evolution of
is transformed to IS states with itineraaelectrons occupy-  the chemical heterogeneity between 0.15 and 0.30 would
Ing a n_arrow_a* band. ) seem to indicate that not all of the hole-rich clusters are
_Doping with Sr introduces LS GB/):t°¢” ions that sta-  pinned at the Sr-rich planes and that certainly the growth of
bilize IS CG* near neighbors having theirelectrons delo-  the ferromagnetic hole-rich clusters in a magnetic field is not
calized over molecular orbitals of a hole-rich cluster. Retenjpnipited by any pinning that may occur.
tion of IS configurations to lowest temperatures produces a Note added in proofThis procedure involves annealing at
sharp increase in the unit-cell volume and mean Co-O bondogg °C. Anilkumaret al. [J. Appl. Phys.83, 7375(1998]
length & 2 K in therange 6<x<<0.10, Figs. 10 and 11. The haye shown that, fox=0.15, phase segregation may occur
delocalizede electrons provide strong ferromagnetic cou-ynder our experimental conditions. However, an anneal at

pling of the localized® configurations at the cobalt atoms of T=1200 °C gave them a homogeneous product with a spin-
a hole-rich cluster. Below room temperature, the higher-spiy|ass transition temperatufig,=75 K.

configurations of the hole-poor matrix remain localized, and
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