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Glassy ferromagnetism and magnetic phase separation in La,Sr,CoO;
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We present the results of a comprehensive investigation of the dc magnetization, ac susceptibility, and
magnetotransport properties of the glassy ferromagnet |St, CoO;. The compositions studied span the
range from the end-member LaCp@x=0.0) through tox=0.7. These materials have attracted attention
recently, primarily due to the spin-state transition phenomena in LaGo@ the unusual nature of the
magnetic ground state for finite In this paper we present a consistent picture of the magnetic behavior of
La; ,Sr,CoG; in terms of short-range ferromagnetic ordering and intrinsic phase separation. At high Sr doping
(x>0.2) the system exhibits unconventional ferromagnefisith a Curie temperature up to 250 Kvhich is
interpreted in terms of the coalescence of short-range-ordered ferromagnetic clusters. Brillouin function fits to
the temperature dependence of the magnetization as well as high-temperature Curie-Weiss behavior suggest
that the C8" and C4* ions are both in the intermediate spin state. At lower Sr dopkigQ.18) the system
enters a mixed phase that displays the characteristics of both a spinagthasferromagnet. A cusp in the
zero-field-cooled dc magnetization, a frequency-dependent peak in the ac susceptibility and time-dependent
effects in both dc and ac magnetic properties all point towards glassy behavior. On the other hand, field cooling
results in a relatively large ferromagneticlike moment, with zero-field-cooled and field-cooled magnetizations
bifurcating at an irreversibility point. Even in the region above0.2 the out-of-phase component of the ac
susceptibility shows frequency-dependent peaks below the Curie tempeiiatlicative of glassy behavipr
which have previously been interpreted in terms of the freezing of clusters. All of the results are consistent with
the existence of a strong tendency towards magnetic phase separation in this material, a conclusion which is
further reinforced by consideration of the electronic properties. The metal-insulator transition is observed to be
coincident with the onset of ferromagnetic ordering=(0.18) and has a behavior in the doping dependence of
the low-temperature conductivity which is strongly suggestive of percolation. This can be interpreted as a
percolation transition within the simple ferromagnetic cluster model. On the metallic side of the transition the
system exhibits colossal magnetoresistance-type behavior with a peak in the negative magnetoresistance
(~10% in 90 kOe in the vicinity of the Curie temperature. As the transition is approached from the metallic
side we observe the onset of a negative magnetoresistance that increases in magnitude with decreasing tem-
perature, reaching values as large as 90% in a 90-kOe field. This magnetoresistance is enhanced at the
metal-insulator transition, where it persists even to room temperature.
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[. INTRODUCTION the renewed interest in the manganites, which was stimulated
to a large extent by the re-discovery of CMR effects in epi-
Magnetic oxides with perovskit@r similarn crystal struc-  taxial thin films and single crystatd!* The cobaltites have
tures have proven to be a fertile research area for physicistsgceivedsomeattention however, due to a couple of unique
solid-state chemists, and materials scientists, due to the fagroperties; namely, the existence of spin-state transitfots
cinating array of superconducting, magnetic, and electroni¢and the possibility of rarely observed Co spin stHte’s) as
properties they exhibit. These properties range from highwell as the unusual magnetic ground state of doped
temperature superconductivitycolossal magnetoresistance cobaltites:’~**The former effects are due to the fact that the
(CMR),%® and ferroelectricit§® (even simultaneous ferro- crystal-field splitting of the Cal states Ecg) and the Hund’s
magnetic and ferroelectric orderfh§j to co-incident metal- rule exchange energyEgy) are comparable for the cobal-
insulator, structural, and magnetic phase transitions. In th#tes, meaning that the energy gap betweenttheand e
perovskite manganites alone, materials such astates is rather small. In fact, this gap can be of the order of
La; ,SrMnO;, Nd;_,SpMnO;, and Py ,CaMnO; ex- 10 meVin LaCoQ, meaning that,, electrons can be ther-
hibit rich phase diagrams involving charge, orbital, cantedmally excited into theey states, resulting in higher spin
antiferromagnetic, simple antiferromagnetic, and ferromagstates:?~'® Spin-state transitions also occur in other cobal-
netic ordering€.In addition to this richness in magnetic be- tites such as BeCa, {Co0; (Ref. 25 and GdBaCgOs 5,2%
havior metal-insulator transition@MIT’s) often occur and while the “intermediate spin state{which is seldom ob-
can even be coincident with structural or magnetic changeserved in Co compoungishas been claimed to exist in
due to the strong coupling between charge, magnetic, anida, _,Sr,CoO; by several authorS.*° The second unusual
lattice degrees of freedom. property of doped cobaltites which has received some atten-
Despite their discovery in the 19505(at the same time tion is the existence of “glassy ferromagnetism” in
as the manganiteghe perovskite cobaltites have received La; _,Sr,C00;.2°"2* In essence, the system evolves from a
relatively little attention. This is particularly surprising given spin-glass or cluster-glass phase at low Sr doping, to a state
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that has characteristics associated with ferromagiiEtior-  magnetic properties can be simply explained by the forma-
der at higher doping. The boundary between the two, antion of short-range-ordered ferromagnetic clusters. Spin-
indeed the exact characteristic of the two phases, is not clegglass (SG ordering at low doping is then understood in
Higher doping level samples show Brillouin-like temperatureterms of the frustration between the F order in the clusters
dependence of magnetization and an apparent Curie tempeiith the antiferromagneti¢AF) interactions present in the
ture (Tc) but also exhibit signatures of glassy behavior suchpackground matrix. These ferromagnetic clusters eventually
as frequency-dependent ac susceptibility peaks and tim&oalesce, leading to apparent ferromagnetic ordering.
dependent phenomena. Similarly, the low doping samples In this paper we investigate in detail the magnetic and
exhibit frequency-dependent peaks in the ac susceptibilitfn@gnetotransport properties of L3Sr,CoO;. We have
that can be identified as spin-glass characteristics, but alsgudied 14 compositions in the range €0<0.70, in poly-
show large field-cooled magnetizations and an irreversibilitycrystalline bulk material. Combining dc magnetization mea-
temperature, which are suggestive of strong ferromagnetigurements after field cooling=C) and zero-field cooling
correlations. (ZFO), ac susceptibility measurements as a function of fre-
It should be made clear that co-existence of ferro-duency, ferromagnetic hysteresis loops, and the field and
magnetic ordering and glassy behavior is not confinedemperature dependence of the resistivity, we are able to

solely to systems like La ,Sr,CoO;. In particular, materials build an understanding of the empirical behavior in the
such as Y_,CaMnO;,%?° La,, ,Y,CaMnO,,3°  whole of the interesting composition range. We are able to

NdBa,Cu;0;_5,%* SrFeCoG_,,32  systematically “track” the evolution from the short-range-

Lag §S1 ,C0—Mn, 05,3 and La St sCo,_GaOs (Ref. ordered FM_state to the SG_—Iike state at low doping. In the
34) all show related behavior. The physics of these mixederromagnetic phase we still observe frequency-dependent
phase ferromagnetic/spin-glass systems is also of relevan@@€nomena in the out-of-phase component of the ac suscep-
to re-entrant spin-glass systerfvenere Au-Fe alloys are the tibility (suggestmg that some glassy behavior still per)slst_s
canonical example particularly perovskites such as @s Well as metallic behavior and CMR-type magnetoresis-
Lay ,Sr, Mn,0; (Ref. 35 and La 46ST sMn; ,Cr,05.% tance. Both Co ions (Cfd and Cd") are determined to be
Although this behavior is far from fully understood it is in the “intermediate spin state” from the temperature depen-
thought to have its origin in the short-range intrinsic mag_dence of the spontaneous magnetization in the ferromagnet_lc
netic phase separation, which is considered to be a key issgéate and from the Curie-Weiss behavior in the paramagnetic
in many other related systems such as cuprates and mang%(ate- As the Sr content is Iower(_ed the F dominant state is lost
nites. In the manganites alone, phase segregation has be@d the SG characteristics dominate, although large FC mag-
observed by various methods such as neutron scatt&ring netizations st|II.eX|st, as well as a notewc_)rthy |rrev§rS|b|I|ty
scanning tunneling microscopy(STM),® temperature- line. The CMR is decreased with decreas!ng Sr doping level,
dependent random telegraph noi%8° and time-dependent gnd an additional low-temperature negative MR component
magnetotransport measuremeHtsrom the theoretical point 1S observed. Eventually a MIT occur@t x~0.18), co-
of view many authors have pointed out that these material§)cident with the loss of FM order. We interpret our data in
are susceptible to magnetic and electronic phase separatié®fms of the short-range order “cluster model” which quali-
even in the absence of chemical phase separ&tithand tatlvel_y explal_ns_ this behavior. Finally, we suggest that these
that this concept can successfully explain many of the feamaterlals exhibit a tendency towgrds phase separation whiph
tures seen in the magnetic and electronic behavior of marlS €ven stronger than that seen in the manganites suggesting
ganites. Spontaneous magnetic phase separation is thoughtlf@t doped cobaltites could be model systems for the inves-
be a distinct possibility in situations where a delicate energyigation (both theoretical and experimentabf magnetic
balance exists due to close competition between various irRhase separation.
teractions. Abundant evidence for the existence of competing
interactions in materials such as the manganites is provided
by the existence of a multitude of ground states, as discussed
above? It has also been suggestéon the basis of x-ray- Polycrystals of La ,Sr,CoO; (0.0<x<0.70) were fab-
absorption fine-structure data that materials like ricated from LaO;, Co;0,, and SrCQ starting materials
La; _,Sr,MnO; possess intrinsic chemical and structuralby the standard solid-state reaction method. The starting
inhomogeneity* Such inhomogeneity would be an obvious powders were thoroughly ground, calcined in air for 7 days
driving force for magnetic phase segregation. It is worth not-at 980 °C, then furnace cooled over a periddd to room
ing at this point that intrinsic phase separation, in the form oftemperature. The reacted powders were then cold pressed
the formation of magnetic polarons, is already viewed as th@inder 8000 psi into disks of thicknessl mm. These disks
prime candidate for the explanation of many phenomena exwere sintered in air for 1 day at 1200°C and then slow
hibited by magnetic and diluted magnetic semiconductorsooled over a period of 24 h. Structural characterization was
such as Eu$® a-Gd,Si;_,,*® Gdy_,v,S, (v=vacancy}’ performed by high-resolution x-ray diffractiqiXRD), scan-
and doped Cgd ,Mn,Te.*® Although the formation and be- ning electron microscopySEM), energy dispersive analysis
havior of these entitiég is far better understood in these of x rays (EDAX) and iodometric titration. In particular
classic magnetic semiconductors it seems clear that theYRD was performed at regular intervals to monitor the
share many common features with the perovskite manganitggogress of the reaction. A typical XRD diffraction pattern is
and cobaltites. In cobaltite materials specifically, many of theshown in Fig. 1(for x=0.30), confirming that, at least within

Il. EXPERIMENTAL CONSIDERATIONS
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500

: . . . . of our material is of the order of 1@m, independent of Sr

; doping level. EDAX was used to check the overall stoichi-
400 XX J ometry of the samples, as well as to probe the compositional
x=0.3 fluctuations. Within experimental uncertainty we determined
that the composition within a grain is identical to that seen at
grain boundaries, and that the composition of multiple grains
are identical. Measuring the La/Sr ratio everygh along a
20-um-long, randomly chosen straight line results in a stan-
dard deviation of 4.8% for an=0.5 sample, which should
] be compared to an experimental uncertainty of 6.1%. Finally,
g § a small number of samples had their oxygen content probed
" : , X, by iodometric titration resulting in a measured oxygen sto-
20 30 40 50 60 70 8 9 ichiometry of La_,SKLC0G, gg:003- IN summary, the

20 [deg ] samples are single phase, large grain size, stoichiometric
polycrystals with small compositional fluctuations.

The magnetic measurements were made in a commercial
superconducting quantum interference dev®&@®UID) mag-
netometer and a commercial dc extraction magnetometer in
the sensitivity of XRD, the samples are single phase anghe temperature range<4T<300 K and in magnetic fields
have the expected lattice parameter=(5.42A andc yp to 50 kOe. ac susceptibility measurements were also
=13.26 A, forx=0.30). It is worth noting that we do not made in a commercial system in the frequency range 10 Hz
observe any magnetic anomalies at any of the expected trar-f = »/277< 10 kHz and over the same temperature interval
sition temperatures of other cobalt oxides ¢Op, CoO, as dc measurements. An ac driving field of 10 Oe was em-
etc) or any other foreign phases, further evidence that thgjoyed and “zero-field” cooling was performed in fields of
samples are single phase. The crystal structure is rhombohgsss than 0.1 Oe. For higher temperature measurements of
dral for x=0 and shows a reduction in the rhombohedralthe dc susceptibility vs temperature a commercial vibrating-
distortion with increasing. In fact forx>0.5 the structure is sample magnetometefVSM) was used. Finally, magne-
cubic. The broadening of the reflections, which can be quantotransport measurements employed an ac excitation at 13.7
tified via the full width at half maximum of the various Hz and were made in the interval 453 <300 K in fields up
peaks, is due to the effects of grain size and microstrain. Thgy 90 kOe. The magnetic field was aligned perpendicular to
relative importance of the two contributions can be deconvothe sample plane, and therefore the current direction. A small
luted with a Williamson-Hall analysis that allows us to in- number of samples in the vicinity of the metal-insulator tran-
vestigate the microstrain and its dependence on Sr dopingition were measured down to 0.4 K in a commerciaf He
This is depicted in Fig. 2, which shows the effect of Sr dop-refrigerator. Again a 13.7-Hz ac excitation was used and

ing on the microstrain before and after the final sinteringgreat care was taken to ensure that sample self-heating ef-
step. It is clear that the considerable strain that is introducegkcts were negligible.

into the lattice by Sr doping is relieved by sintering at
1200 °C for 1 day. SEM revealed that the average grain size
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FIG. 1. Wide angle powder x-ray-diffraction spectrum of»n
=0.30 sample taken with CK , radiation.

Ill. RESULTS AND DISCUSSION

© 100 . . . — dc magnetization, ac susceptibility and magnetotransport
s Before Sintering 1 measuremen_ts are discussed in turn in Secs. Il A, Il B, and

= 804 o  —®— After Sintering - HIC, respectively.

[

o

5 60- \D__D\ /D 4 A. dc magnetization

é o o 1. Basic magnetic properties and the phase diagram

€ 40+ 0 . o

§ The temperature dependence of the dc magnetization
£ (measured in a static field of 10 Dis shown in Fig. 3, for

§ 201 o i T five representative samplex=0.50, 0.20, 0.18, 0.15, and

S / \ / \ 0.09. It must be stressed that more samples were measured,
Z 0 ~ . ———t at a total of 14 compositions, but only five are presented for

00 01 02 03 04 05 06 07 08 the purposes of clarity. Both FC and ZFC data are presented,
X where the field cooling was performed in 10 Oe. Tke

FIG. 2. The doping dependence of the microstrain contribution— 0-50 @nd 0.20 data are representative of all compositions in

to the full width at half maximum of the XRD peaks befaepen  the range 0.Zx<0.7; FC curves show a “Brillouin-like”

symbol$ and after(closed symbolsthe final 1200 °C sintering temperature dependence of the magnetizatiemd a T

step. The peak broadening is due to microstrain and grain size efvhich reaches a maximum value of 250 K 0.5, at

fects. These were deconvoluted using a Williamson-Hall analysis ofvhich point the saturation magnetization is approximately

the n(110) reflections. 10 000 emu/mol. In contrast, the ZFC magnetization is rather
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FIG. 4. Sr doping dependence dfa) T, (b) M (H
FIG. 3. Temperature dependence of the dc magnetizatior for =3000 Oe), (c) He (T=100K) and(d) p (T=270K). T was

=0.50(a), 0.20(b), 0.18(c), 0.15(d), and 0.09(e). ZFC curves are  estimated from Brillouin fits as described in Sec. Il A 2.
shown as open symbols, whereas FC curves are shown as solid

symbols. to a competition between the random orientation of short-
range-ordered clusters and the external field.
low and shows a nonmonotonic behavior with a peak at AS Xis decreased to 0.18 the behavior of the FC magne-

some temperatur€, which is approximately 5-20 K below t?zation !s not qualitatively altered but the ZFC magneti'za-.
Tc, depending on the exact composition. Such data havion begins to show a sharper cusp at a temperature which is

been observed before in several wdk&*and are typically now significantly belowT.. As x is decreased further to
: . . 0.15 and eventually 0.09 the FC magnetization no longer
interpreted in terms of the ferromagnetishort-range-

shows a simple “Brillouin-like” ferromagnetic behavior and

ordered cluster model. It is postulated that the system phas% considerably reduced in magnitude. Simultaneously the

separates into hqle-rich ferromagnetic cl_usters (_jominated bZFC magnetization begins to show a sharp cusp at a tem-
the +ferromag+net|c double exchange interaction betweeRq qy e that decreases with decreasing Sr content down to
Co®" and C4", the clusterzsllbellng embedded in a hole-poorg 93 |n summary, the ferromagneticlike behavior in the FC
nonferromagnetic matr@‘ This matrix is dominated by magnetization disappears below:0.18, at which the point
the Cd*-Co’" interaction, which is known to be antiferro- the FC magnetization begins to show nontrivial temperature
magnetic(AF) superexchang¥, as is the Cb"-Co'" inter-  dependence and the ZFC magnetization begins to resemble
action. In essence, the concept is that upon zero-field coolinghe characteristic SG cusp. Canonical SG systems typically
the clusters freeze into random orientations, dictated by display a bifurcation of the ZFC and FC magnetizations only
“local anisotropy field.” When field cooled the clusters very close toT;, the SG freezing temperatutébut in this
align, leading to the onset of a large ferromagnetic-type magease the point at which bifurcation occutie irreversibility
netization. The existence of a peak in the ZFC magnetizatiotemperatureT;,) is >T;. In some respects this resembles
at T, is then interpreted in terms of a competition between“cluster-glass” behavior as pointed out by several authors
the random local magnetization orientations of the individual(e.g., Ref. 22 A curious aspect of the data for samples with
clusters and the applied magnetic field. It should be note&<<0.15 is the unusual doping dependenceTgf, a point
that according to this model the hysteresis loops ofwhich will be returned to later in this paper.

La;_,Sr,CoO; for x>0.2 (the F regime should not saturate The Sr doping dependence ©f, M, and the 100 K co-

at moderate magnetic fields due to the finite number of Cercivity He are shown in Fig. 4, where the existence of a
spins in the nonferromagnetic matiiwhere the interactions critical Sr doping level for the onset of ferromagnetic order-
are of AF type. This is indeed the case, and is discussedng (at x=0.18) is clearT., M, andH¢ all show a sharp
later. It is also noteworthy that previous measurements of thancrease aroung=0.18 with a maximum ifT ¢ occurring at
field dependence of the temperature at which the ZFC mag¢=0.5. This maximum il is simply explained by the fact
netization reaches a maximum show a behavior that is corthat atx=0.50 the 1:1 ratio of Ct' to Cd** maximizes the
sistent with the de Almeida-Thouless Ifi¢a line in theH-T  strength of the double exchange interaction. This leads to a
plang, a theory which was originally developed for SG sys- simultaneous optimization of the electron transfer and a
tems. As pointed out by Nam and co-work8& this is fur-  minimum in the resistivity(p), as shown in Fig. &). (The

ther evidence that the peak in the ZFC magnetization is duelectronic transport properties are returned to in more detalil
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FIG. 5. Hysteresis loopgM(H) curveq for () x=0.60,(b) X perature which marks the bifurcation of ZFC and FC dc magneti-
=0.18, and(c) x=0.06. In all cases the temperature is 100 K. zation curves. The open triangles at very lavindicate the esti-

Loops were measured by starting at large positive field, sweeping tghated spin-state transition temperature from Yamaguethal.
negative field, and then returning to positive field. (Ref. 14.

in Sec. IlIC) The magnetization values displayed in Fig. 4 monotonically decreases with decreasirg from x=0.5
are for an applied field of 3 kOe, rather than simply quotingdown tox=0.18, below which the phase diagram is domi-
saturation values. This is done because even in the ferromagated byT;, which decreases with decreasing/NVe propose
netic phase at>0.18 the magnetization does not saturate inthat the critical poink, marks the point where the ferromag-
fields up to 50 kOe. Representative hysteresis loop$ at netic clusters coalesce allowing for ferromagneticlike tem-
=100 K are shown in Fig. 5 fax=0.60, 0.18, and 0.06. The perature dependence of the magnetization when the system is
x=0.60 and 0.18 loops are representative of all samples dfeld cooled and the clusters are aligned. The existence of a
x>0.18, showing ferromagnetic behavior with clear hyster-finite T at the point at which the F ordered phase is entered
esis, in addition to a component of the magnetization whichis strong evidence for percolating ferromagnetic clusters.
does not saturate. This is consistent with the simple clustestarting from very lowx, the system is originally dominated
model where some fraction of the Co spins exist in the nonpy AF interactions between €6 ions. Asx is increased and
ferromagnetic matrix, where the interactions are AF. Athe fraction of C6" ions increases the system phase sepa-
simple method to completely separate the F contributiorfates into ferromagnetically interacting hole-rich clusters in
from the non-F spins in the AF matrix is to recognize that thean antiferromagnetically correlated matrix. In the context of
high-field magnetization is given bylc+ xaeH, whereMg  our interpretation of the phase diagram in terms of these
is the F component anglar is the slope oM vs H at high  ferromagnetic clusters it is important to note that they have
field. Extrapolation of this high-field behavior back tb  been studied directly by transmission electron microscopy
=0 therefore gives the F component only. Hence in Fig) 4 (TEM) in La;_,Sr,CoO;, by Caciuffo etal® High-
we show twoM values; data obtained &t=3 kOe and the resolution images were indicative of an inhomogeneous dis-
true M values. As can be seen from the figure the two methtribution of La ions leading to hole-rich regions in a hole-
ods are in close agreement. As a final comment on the dogoor matrix, with the phase separation occurring on length
ing dependence of these basic magnetic parameters it §tales of the order of 10 nm. As the F clusters grow with
worth pointing out thaH ¢ is temperature dependent, show- increasingx the temperature at which the F and AF interac-
ing a significant increase with reducifign the F phaseH.  tions compete and spin-glass freezing occurs, increases.
values as large as 600 Oe are obtained at 10 K, which couldence theT;(x) line increases monotonically witky even-
be related to the inhomogeneous magnetic ground state. tually joining with theT<(x) line at the point %) at which
Combining these data we are able to construct a magnetihe clusters coalesce. The SG phase is achieved due to the
phase diagram similar to that of It al?* as shown in Fig. frustration between the AF superexchang®etween
6. We have also included the behavior of #1e0 compound  Co**-Cc®*" and C4*-Cd**) and the ferromagnetic double
and the evolution of the LaCoMIT and spin-state transi- exchange (Cb"-Co*"). It is in this regime that we observe
tions with very low Sr doping from Yamaguckt al®* The irreversibility between ZFC and FC magnetization in addi-
phase diagram is dominated by the transitionxatx, tion to a relatively large field-cooled magnetization. One
(0.15<x,<0.18) from the regime where the FC magnetiza-simple explanation of this behavior is that the ferromagneti-
tion shows F ordering, to the regime r&Xx. where the cally interacting spins within the clusters respond to the cool-
magnetism is dominated by the SG-type behavior. The ing field, leading to the onset of a large FC moment at the
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same time as SG behavior, which is due to the competition 1250 4 : ' 3

—O— Data
between F double exchange and AF superexchange. Alterna- ] S = 1 Brillouin |
tive explanations have been advanced based on cluster glas 1000 i

concept$? as well as superparamagnetic behavior in the F

56

correlated cluster€: In the latter work® Senaris-Rodriguez ' 750] s« ® ° |
et al. postulate that the bifurcation of ZFC and FC magneti- g — 52 \

zation curves in this regime is due to the different tempera- 2 | S . \ |
ture dependence of ZFC and FC magnetizations of clusters g das] / S

with volumes below the superparamagnetic limit. Looking at = ] ;~4»4 °«

Fig. 6 the problem with interpreting our data with either of 2509 — 2 el .
these models is the anomalous behaviofl gfwith Sr dop- 1 05 10 15 20 25 30

ing level. In contrast to Ref. 56 we observe thgt actually 0 . 2 . . .
decreaseswith increasingx, meeting with theT<(x) and 0 50 100 150 200 250
T¢(x) lines at the critical poink. . This would imply that the T [K]

freezing temperature of the superparamagnetic clusters is de-

creasing with increasing voluniee., increasing), contrary FIG. 7. M vs T for x=0.5. The points represent the experimental

behavior although it is clear that the facts tfigt decreases Were taken after cooling from 30@ 5 K in a 10-Oe field. The

with x and that the three phase boundaries meet, are measuring field was 10 Oe. Inset: The deviati@) between the
€ data and Brillouin function, as a function of the chosen spin v&lue

critical.
The dissimilarity between the phase diagram of SN (M~ Maroan)?
La; _,Sr,CoO; shown in Fig. 6 and that of La,SrMnO; —\/ — N =

(Ref. 2 is striking, and is worthy of some comment. This is
primarily due to the fact that the=0 compound LaCoQis
a diamagnetic semiconductor®t 0, unlike LaMnQ which
exhibits AF ordering withTy~150 K. The Lga_,SrMnO;
phase diagram shows an AF charge ordered insulating phase
at low x which eventually evolves into a ferromagnetic insu-
lator then a ferromagnetic mefalbove x=0.45 AF order ion—is fraught with complications due to the lack of satura-
reappeard.In the cobaltite case there has been some sugge§on in M(H), as previously discussed.
tion of orbital ordering effects at 180T <500 K for x=0,*° Figure 7 shows the temperature dependence of the mag-
but these effects, and the spin-state transitions, are rapidiyetizationM (for x=0.5) taken in a 10-Oe applied field, after
destroyed with increasing Intriguingly, the very lowx re-  field cooling from 3000 5 K in afield of 10 Oe. The solid
gime (x<<0.01) shows magnetic behavior which is suggesdine is the S=1 Brillouin function which is a reasonable
tive of magnetic polaron formatiot. These polarons could description of the data. The best fit was determined by find-
well be the precursors of the ferromagnetically correlatedng the S value which minimizes the statistical deviatitD)
clusters that dominate the behavior at largeindeed, the between the fit and data, as shown in the inset of Fi¢Tfie
distinction between “magnetic polaron” and “short-range- exact definition ofD is provided in the figure captionThe
ordered ferromagnetic cluster” is quite arbitrary in our opin- result of this procedure is a best-fit value $ 1.25. Inter-
lon. _ estingly, repeating our fitting procedure for all ottxeralues

In summary, the La ,S,,CoO; compound displays & regyits in almost the same spin val$es 1.25. This is most

crossover from an SG dominated phasex&t0.18 0 @ F (a4l jllustrated in Fig. 8 which shows the reduced magne-
dominated phase at>0.18, although in both cases neither tization [M/M(T=0)] vs the reduced temperatur@/{T )

ground state is entirely pure. Following previous works,]cor all six samples in the range G:X<0.7. The data col-

which were stimulated by the blurred distinction between thqapse to a single curve showing that the spin value is inde-

SG and F phases in this compound, we undertook an aCendent ofx, being approximately 1.25 in all cases. The
susceptibility investigation as discussed in Sec. Il B. P » DEING app y L . '
exact same fitting procedure was also applied to the tempera-

ture dependence of the saturation magnetization recorded us-
2. Determination of the spin state of the Co ions ing larger cooling fields and in larger measuring fields. It was
To shed some light on the spin state of the Co ions wdound that the reduced magnetization vs reduced temperature
attempted to deduce the Co ion spin value by two simplecurves always collapse in the range €22<0.7, regardless
methods. First we fitted the temperature dependence of thef the exact value of the cooling field and measuring field
ferromagnetic magnetization to a Brillouin function for each (fields used were in the range<tH <100 Oe). It is impor-
value ofx, and extracted the best-fit value of the average Cdant to stress the point that even if the extraction of a definite
spin, Sy¢(X). In the second method we extract&g,((x) spin value from the fit shown in Fig. 7 is considered unsat-
from the Curie-Weiss behavior in the paramagnetic phase asfactory, the data collapse shown in Fig. 8 proves that the
T>T.. Note that another seemingly simple probe of thespin values is independent af (at least for 0.2x<0.7),
spin values—measuring the saturation momenignper Co  regardless of the confidence in the exact value Sf

whereM; is theith data pointM gii0uin 1S the value of the theoret-
ical Brillouin function, andN is the total number of data points. The
dotted line is a guide to the eye.
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' ' ' ' TABLE I. The possible spin states of the £¥oand C4*" ions in
T La; _,SKCoO;. The lower energy levels correspond to thgelec-
—_ trons, while the highest levelsvhich are separated from the lower
i’ 7 ones by a gapcorrespond to the, states.
= *
s . . i
~ v x=0.5 ° . 3+ 4+
£ 041 4 x=04 ¥ Spin-state Co Co
= o x=03 o
= 0.2 ® x=02 K
| ¥ LS — —
0.0 , , , - S=0|_, _S=12
0.0 0.2 0.4 0.6 0.8 1.0 . i
(low spin) —
TIT,
FIG. 8. M (normalized to theT=0 value vs T (normalized to - SR
Tc) for six samples in the range 6<%<0.7. As for Fig. 7, the IS ' S=1 ' S =32
cooling and measuring fields were both set at 10 Oe. - J - S
(intermediate spin) | — ¥ —i
The results from our second method to deterngg(x)
are displayed in Fig. 9. This method examines the paramac
netic ph where th ibility follows th rie-Weiss — S
IaE\:I\tlcp ase where the susceptibility follows the Curie-Weis HS H
, hS=2 | S=52
C (highspin) | 44— ——
=—_— 1
X=7 "4 1
where cept yieldsé. (All the 6 values extracted in this manner are
N2 comparable toT¢.) The values ofS,,4 are then plotted
ff . - . . . .
C= 3_k;, and per=g[I(I+1)]1"2ug. (2)  againstx in Fig. 9, confirming the conclusion from the pre-

Here, x is the susceptibility,C is the Curie constantf
~Tc, Nis the number of Co ions perinug is the effec-
tive number of Bohr magnetongg), g is the Landey fac-
tor, andJ is the total spin quantum number. For alvalues 1216 26.27
Eq. (1) describes the data very well at high temperatures as2C0Cs, GdBaCqOs5, " and PpCasC00; (Ref.
illustrated in the inset of Fig. 9 fax=0.5, which plotsy !
vs T. The slope provides the spin val&g,, while the inter-

3.0

(5 T 1 T T L2
= ®. Data
e HSY e ey IS /HS
< —IS/18
gz" S=12 ----|S/LS
8. 1 0=260K

P’X

NY-]

0 300 350 400 450 500 550 600 . .-""
TIK] ,.---""

FIG. 9. x dependence of the average spin valBg,{ extracted

from the Curie-Weiss behavior at high The dotted line assumes

IS Ca*" and HS C8*. The broken line assumes IS €oand LS
Cd*". The solid line assumes IS €band IS C4™. Inset:y ! vs
T(T>T¢) for x=0.5. Solid line is the Curie-Weiss fit.

vious analysis that the spin values always lie in the range 1
<S<1.5 and are largely independent of Sr doping level.

Note that our data reveal no distinct changes in slope in the
x 1 vs T curves, suggesting that thermally driven spin-state
transitions[such as those observed in the undoped cobaltite

25)] do not take place in this materight least in the range
0.2<x<0.7).

Denoting the spin of Cb" and C4* ions asS®** andS**
we can write the average spin value in;LaSr,Co0; as

()

Clearly the only way to obtain a8,,y which is independent

of x is to haveS®* =S**. The complicating factor in cobal-
tites is the existence of various spin states, very close in
energy, as summarized in Table I. Recent theoretical works
clearly favor the intermediate-spitB) state for the C&' ion

in LaCoQ;,'®1° but the spin state of the Co ions in
La; ,Sr,Co0O; is more controversial. Although the IS state
can be expected for €6, due to the suppression of the
low-spin (LS) state with very small Sr dopin@as shown in

the phase diagram, Fig) éhe spin state of the G6 ion is an
open issue. One should bear in mind that intermediate or
high-spin states for C'd ions are somewhat surprising as in
other compounds Gd favors the low-spin state. The situa-
tion where C8" ions are in the intermediate-spin state
(S**=1) and the Cb" ions are in the high-spin state
($**=2.5), as is commonly assumed, is shown as a dotted
line in Fig. 9. Clearly our data are at variance with these

Savg= (1-x) S + xS =S +x(S* - S**).
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assumptions. Moreover, the situation wheré Cions adopt  mined the average spin value as a functiorxdfom Bril-
the IS state and 8 ions are in the LS state is also a poor louin function fits to the behavior beloil,: and from Curie-
description of the data, as shown by the broken line in Fig. 9Weiss fits to the behavior abovie; . In both cases this spin
In fact, examining Table | it is clear that the only situation Values is relatively independent and is consistent wiibth
which is consistent with the G and C4* spin values CO ions adopting the intermediate-spin state.

being approximately equahdclose to 1.25 is the one where
both ions are in the intermediate-spin stgite., S=1 for B. ac susceptibility

Co™ (x=0) andS=1.5 for .CéH (x=1)]. This is shown as The temperature dependence of the ZFC ac susceptibility
th.e solid line in Fig. 5 and is clearly in far better agreementjg displayed in Fig. 10 for 4 representative samples with
with our data than the assumption of high-spin state or low-=0.40, 0.30, 0.18, and 0.09. Bofi and x” (the in-phase
spin state Cb". Note that the data of Fig. 7 and the inset of and out-of-phase components, respectivaie measured at
Fig. 9 (which both deal with thex=0.5 casg are perfectly 10, 100, 1000, and 10 000 Hz. In the F regimexat0.18 all
consistent with this hypothesis, &-=1.25 is the expected samples display a strong peak j, followed by a mono-
spin value forx=0.5. tonic decrease ab— 0. Given the proximity toT -, and the
This situation where both Co ions are in the intermediatefrequency-independent nature of the peak, this is interpreted
spin state has been recently proposed by Ravindtai!®  as the onset of ferromagnetic ordering. It should be noted
(from spin-density-functional band-structure calculationsthat FC x'(T) shows similar behavior to ZFG'(T), the
employing the fixed spin moment methodho suggest that only discernible difference being a larger peak value of the
hole doping in this material reduces ionicity, enhancing hy-susceptibility in the FC case. As expected from the previ-
bridization between Co and O, and stabilizing theOusly discussed behavior d¢(x), the temperature at which
intermediate-spin state. They assert that hole doping i’ reaches a maximum decreasescas decreased towards
La,_,Sr,CoO; uniformly affects all Co ions, meaning that 0.18, where the indication of the onset of ferromagnetic or-
the spin states of the two ions are identical. Due to this Co-clering is lost. Belowx=0.18 all samples show a frequency-
hybridization the expected average Co moment (& Q&0 dependent peak which occurs very close to th'e point at
for x=0.5) is reduced compared to the simple ionic modelWhich the ZFC dc magnetization reaches a maximum. The
prediction (2.5.5/Co). Although the difficulties with deter- fréquency dependence is a direct indication of slow spin dy-
mining the saturation magnetization of these cobaltites havB@mics leading us to associate this peak with the SG freezing
already been noted, our best estimate %or0.5 lies at temperature‘l}. Thls frequency dependence is |Ilqstrated
1.92u5/Co, in excellent agreement with the predicted valueMore clearly in Fig. 11 which shows a “closeup” of this peak
of 1.98u5/Co. Our observation of an IS spin state from " X' (T), measured with a temperature spacing of 0.25 K,
magnetometry measurements on samples in the range of2" thex=0.09 sample. We observe the expected SG behav-
<x<0.7 is also consistent with the previous neutron-o%: with T; increasing monotonically with increasing fre-
scattering measurememt€®and adds further weight to these duéncyf. Moreover, this dependence on frequency is well
arguments. It should be noted that some of these studies dedgscribed by th%convennenal critical “slowing down” of the
only with a single compositionx=0.5),}” while our mea- SPIN dynamic¥*" as described by
surements reinforce the point thhe intermediate spin state .
is stable over a very wide composition ranged that this loc<Tf_TSG>
can be deduced from very simple magnetometry measure- To Tse '
ments. It should also be noted that our data are in agreement
with the work of Caciuffoet al,?® who suggest that it is the Whererocf™*, Tggis the critical temperature for SG order-
Co ions in the ferromagnetic clusters that are in the IS statdng (this is equivalent to thd—0 value of Ty), zv is a
It is clear that the measurements of ferromagnetic magneticonstant exponent, ang is the characteristic time scale for
zation presented in Fig. 8 probe primarily the Co spins inthe spin dynamics. The agreement with E4j.is shown in
these ferromagnetic clusters. Fig. 12 forx=0.09, where logy(f ) is plotted as a function
We would like to reiterate the point that we observe noof log;d (T;— Tsg)/Tsgl. The best fit to the form shown in
evidence of any spin-state transition in the intervat 5  Eq.(4) is obtained by choosing the value B§s which mini-
<800 K, for compositions in the range 8:X<0.7. The ex- Mizes the least-square deviation from a straight-line fit. The
istence of both ions in an intermediate-spin state may b&alues ofry andzv are then extracted from the intercept and
consistent with the fact that we observe no evidence for thesglope, respectively. For the=0.09 sample this results in the
thermally driven spin-state transitions. As pointed out byvalues Tgg=39.1K, zv=9.33, and7,=3x10 '°s. The
Ravindranet al®® and Korotinet al,'* the energy gap be- TsgValue extracted in this manner is clearly reasonéinjea
tween the intermediate- and high-spin states is far larger thagimple extrapolation of ; to zero frequency while the other
the gap between the low-spin and intermediate-spin statefifting parameters should be compared to canonical SG sys-
meaning that compounds such as; Lgr,Co0; with an  tems where typical values am~10 andro~10 1355357
intermediate-spin ground statet least for 0.2 x<0.7) are A similar fitting procedure applied to all samples belaw
unlikely to display thermal excitation to the high-spin state. =0.18 results in the values shown in Fig. 13. It should be
To summarize our attempts to determine the spin state afoted that in all cases the chosen valueTgg results in a
the Co ions in the F state of La,Sr,CoO;, we have deter- clear minimum in the least-square deviation from straight-

4

174408-8



GLASSY FERROMAGNETISM AND MAGNETIC PHAE . ..

y'Temu mol” Oe™]

o

200

TIK]

300

-1
8| ; 18x10
I -1
0 4 j% 16x10
x=0. ] .1
4 1\ .'\- ; 4x10
\ 4 {2x107
' \
- » 0
I 16x10™"
'ﬂ 4x10™
x=0.3 o
f 12x10™
‘1
Y | 0
3 14x10™
13x10™
x=0.18 4 {2x10™
\' {1x10™
TL X
0
1 16x107°
ﬁ —a&— 10Hz .
1 @ 100Hz 14x10°
x=0.09 ‘j( A 1000Hz
;L —w— 10000Hz .
R 2x10
0

100

200

TIK]

line behavior in logy(f) vs logd (Ts— Tsg)/Tsgl- The data
show the expected increaseTigg with x (consistent with the  shown in Fig. 13.
ZFC dc magnetization datalong with a systematic increase
in time scale with Sr doping level. These data clearly indi-Susceptibility,y”, provides valuable information on the mag-
cate slower spin dynamics as the doping level increases aritetic energy dissipation or “energy loss” over a single cycle
cluster sizes grow. As we shall see in the next section of thef the ac magnetic field. The"(T) behavior is shown in the
paper the F phase also displays some glassy characteristidgght-hand panel of Fig. 10, again as a function of frequency
that can be well described by E€L). In this case anoma- of the ac field.x"(T) shows a clear evolution in behavior

0.16-
05 s
8 ] :"A‘Av
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T 014 &L,
O I.'AAVV <
£ fau
S5 0.13[ayed
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= 0.124 1000 Hz
= ] —<—3000 Hz
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x"[emu mol” oe™

FIG. 10. Temperature depen-
dence of the in-phas@eft pane)
and out-of-phase (right pane)
components of the ZFC ac suscep-
tibility for x=0.40[(a) and (e)],
x=0.30[(b) and(f)], x=0.18[(c)
and (g)], and x=0.09 [(d) and
(h)]. The data were taken at 10,
100, 1000, and 10000 Hz as indi-
cated in the figure.

lously largery values are extracted, consistent with the trend

It is well known that the out-of-phase component of the ac

Iog10 [ﬂ

with decreasing. For thex=0.40 and 0.30 sampld@ the

4.0 ' ' ' o
3.5- _
3.0- ]
2.5 & 1
- 1=2.48x10™ s
oy 7v=9.33 ]
1.5 T4,=39.11 .
1.0 ° i
T 44 A3 12 A4
l0g,, [(Ty Tee) Teel

FIG. 11. Closeup of the temperature dependence of the in-phase FIG. 12. logy(f) vs logd (Ts— Tsg)/ Tsgl for x=0.09, demon-
ac susceptibility fox=0.09, at seven frequencies in the range 10-strating the agreement with Eqg. 1. The solid line is a best fit to the

10000 Hz.
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1 o (b) FIG. 14. Temperature dependence of the resistivity of
40 O/o/ i La;_Sr,Co0; in the range 0.08x<0.50.
0.08 010 012 014 016 0.18
X clusters andlg; is replaced by the zero-frequency extrapo-

lation of this cluster freezing temperature, denoigg;. In
aaigreement with Nam and co-workers we find that the char-
acteristic time scale describing the spin dynamigss con-
siderably increased over that found previously for the SG
phase(Fig. 13 and the typical values for canonical SG
F phas¢ we observe a sharp peak in the vicinity B¢,  systems® We obtain 7o=4x10°s for x=0.30 and 8
which is independent of frequency, in addition to a stronglyx 1072 s for x=0.40, with zv values of 9.38 and 11.66,
frequency-dependent peak at some T . Close examina- respectively. Such large characteristic times are no doubt re-
tion of x"(T), x'(T) (Fig. 7), and the FCM(T) (Fig. 3 lated to the size of the clusters.
reveal that thepeakin x'(T) corresponds to th& value It should be noted that Nam and co-work8r&s also mea-
extracted from di (T), while it is the point at which"(T) sured large aging effects in “waiting time” experiments on
approaches zero which correspondsTtg, rather than the x=0.5 compounds, both below and above the apparent clus-
peak in x"(T), which actually occurs significantly below ter freezing temperature. These data represent further evi-
Tc. This subtlety has been discussed in detail by Nam andence of the glassy nature of the ferromagnetically ordered
co-worker$®?* who pointed out that this may indicate that state atx>0.18.
the peaks nedf in x'(T) andx”(T) have different origin. In summary, the ac susceptibility of LaSrCoO;
In fact they postulate that the peak ¥i(T) corresponds to evolves in a systematic way asis lowered from the F re-
the reversibility temperature in dd(T), where the FC and gime into the SG dominated phase. In the F dominated re-
ZFC magnetizations bifurcate just beldik .?%?* We there-  gime x'(T) shows a frequency-independent peak Tat
fore label T as the point at whick/”(T) approaches zero. which occurs at a lower temperatureas lowered. When

The frequency-dependent peakTat T is of greater in- the SG phase is entered this peak becomes frequency depen-
terest. As shown in Fig. 10 this peak becomes less prodent and marks the SG freezing temperature. On the other
nounced and shows reduced frequency dependengeisas handy”(T) increases from zero &t; to form a frequency-
lowered towardsx=0.18. In fact, at the critical value for independent peak in the F phase. This is followed by a sec-
ferromagnetic order=0.18), the peak is no longer clearly ond peak af <T, which shows a strong frequency depen-
observed. In this sample the lower temperature side of thdence and has been interpreted as the point at which the
main peak iny”(T) has now become frequency dependentferromagnetic clusters freeze. Unsurprisingly the dynamics
suggesting that the two peaks originally observed sfor of this process become slower xass increased and the fer-
=0.40 have actually merged as-x.. At all compositions romagnetic clusters become more dominant.
less tharx=0.18(the SG phase x" is considerably reduced
in magnitude and simply displays a peakTat. The exis-
tence of a frequency-dependent pealTiT) occurring well
below T is a very clear indication that even in the “F  As expected, doping divalent Sr onto the trivalent La sites
phase” these samples do not exhibit conventional long-ranga the semiconductor LaCaoQesults in hole doping and the
ferromagnetic ordering. Rather, it seems natural to ascribeventual onset of metallic behavior. The evolution of the
this peak to the freezing of the ferromagnetic clusters whichemperature dependence of the resistivity with Sr doping is
are responsible for the “Brillouin-like” FQM (T). Following  displayed in Fig. 14. Note again that more compositions
Nam and co-workef&?*we fitted the frequency dependence were measured but only 11 are shown for the purposes of
of this peak to the form in Eq4) where the freezing tem- clarity. Thex=0 end point, LaCo@, shows semiconducting
perature is now the freezing temperature of the ferromagnetibehavior asl — 0, along with a small anomaly in the vicinity

FIG. 13. Doping dependence of the spin-glass freezing temper
ture (Tse) and relaxation time £,), as extracted from fits of the
type shown in Fig. 12.

C. Magnetotransport
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320 data clearly show that the critical Sr doping level for the
280 onset of ferromagnetic ordex{~0.18) is identical to the
MIT critical point. This is in contrast to the manganite sys-
iy tem Lg _,Sr,MnO; where ferromagnetism is achieved at a
< 200+ much lower Sr doping than the onset of metalliéity fact
'g' ] the phase that is classified as “ferromagnetic insulatoe” (
c é >0.09) occurs before the “ferromagnetic metal” phase is
B 36 entered §>0.16) 2 This is also true of numerous other phase
diagrams in the manganite serfeshe simultaneous onset of
20+ ferromagnetism and metallicity in our cobaltite system leads
i WVO/O/ 1 us to propose that the two are related. Specifically we sug-
j ] gest that the critical Sr doping valug is the point at which
0 | mme——4-A-A_——A—A—A_A_A_A A A the ferromagnetically orderethole-rich clusters begin to
0 5 10 15 20 coalesce and percolation occurs. This leads to metallic be-
T[K] havior in p(T) and ferromagnetlike behavior M (T). In

this simple model we would expect that the behavioroof
(T—0) as a function ok would be more consistent with a
percolation transition than a conventional Mott-Anderson
transition. At conventionall=0 MIT’s the conductivity is

_ N _ expected to follow the form
of the spin-state transition at 100 K, as detailed elsewtfere.

Sr doping rapidly decreaseg¢T=0) and eventually leads to X m

a metallic like temperature dependenap{dT>0) for x U(THO)ZUo(X——l) 5
>0.20. Concerning the exact position of the MIT it is im- ¢

portant to note the qualitative differences betweéi) for  from the scaling theory of electron localizatithlin this
x=0.15 andx=0.18. In the former casp(T) appears to be equationo is a constant prefactor while is the conductiv-
diverging atT=0, indicating that the system is on the insu- ity critical exponent. The value of the exponent has been a
lating side of the MIT. On the other hand tke=0.18 sample  matter of experimental and theoretical debate since the intro-
appears to show a weakening gT) asT—0, and would  duction of the scaling theory, but is found to lie in the range
appear to have a finite value for the zero-temperature €x9.5< 1< 1.0 in the vast majority of cas&8The situation for
trapolation of the conductivity, i.e., metallic behavidlere  a percolation transition is very different; again a number of
we are using the rigorous definition of a metal—a materialvalues have been proposed fobut they are in the region of
with a finite (nonzerg conductivity at the absolute zero of M~1,6_2,06,° For the specific situation of a mixed valence
temperature.This is shown more clearly in Fig. 15, which manganite system Xionet al®* calculated the critical expo-
displays the temperature dependence of the low-temperaturent for a percolation transition, finding, in agreement with
conductivity o for x=0.15, 0.18, and 0.20. Measurement of earlier experiment®’ that the exponent is significantly larger
the o(T) curves forx=0.15 andx=0.18 was extended to than 1 and is strongly magnetic-field dependent. Although
0.4 K in order to make a more meaningful assessment of ththe data in Fig. 1&) do show a rounded transition followed
zero-temperature conductivity. Given the nonzero value foby a rapid increase i with increasingx (i.e., they would
the zero-temperature extrapolation of the conductivityxfor appear consistent witl>1.0) the elevated temperatu(®
=0.18, we conclude that the MIT lies in the range 0.15K) produces significant thermal smearing of the transition
<xc<0.18. The dependence ofetts K conductivity orxis  region®® Future work will include extending these measure-
shown in Fig. 16both on linear and log scale$, where we  ments to belo 1 K to investigate this issue in detall. It is
see that the onset of metallic behavior is quite sharp and ialso clear that this would require investigation of a larger
followed by an immediate saturation of the conductivity. Thenumber of samples in the critical region.

FIG. 15. Temperature dependence (640<20 K) of the con-
ductivity for x=0.15, 0.18, and 0.20. Note the “split” conductivity
scale.

ox10° 10— . . T T .
N 1
10° 1
6x10° ] ) 3 .
- T— 10'4 . FIG. 16. Sr doping depen-
g 5 i ] dence of tke 5 K conductivity(a)
a S 109 (b) ] on a linear sca_le gn@b) ona Ic_)go
o x10° b ] ] scale. The solid line is a guide to
10°] ] the eye.
1 3
0 10°%4— T T r T r
0.0 01 02 03 04 05 06
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The most striking feature of the data shown in Fig. 16 is \_/,__,/ 0
not the details of the onset of metallic behavishich were @i
just discussed but the saturation of the conductivity imme- go
diately after the metallic phase is entered. This behavior i Y
reminiscent of the simplest possible scenario for a percola 60
tion transition where one of the phases is metallic with a x
finite conductivity and the other is insulating with zero con- 10 ®
ductivity at T=0. After the percolation limit is exceeded and 0 100 200 3000 100 200 300
metallic paths become present the conductivity saturates : T [K] T [K]

the conductivity of the metallic phase. An alternative expla-

nation is that the conductivity is limited by grain boundary ~ FIG. 18. Temperature dependence of the resistifléft pane)
scattering in these polycrystalline specimens. We reject thi@hd magnetoresistandeight panej for x=0.60 [(a) and (f)], x
hypothesis on the grounds that the conductivity saturates &t ©-30L(b) and(g)], x=0.18[(c) and(h)], x=0.15[(d) and(i)], and

unreasonably low values for a grain size, which is known tg*=0-09[(€) and(j)]. The resistivity data were taken in zero field
be in theum range. Assuming a simple free-electron model(closed symbolsand 90 kOgopen symbols All of the MR values
K 9 9 P ire for 90 kOe. The arrows indicate the valueTef for the ferro-

and reasonable values for the free-carrier density we calc )
late that the conductivity at which we observe saturation cormagnetic samples.
responds to a mean free path of the order of 10 nm, i.e., at
least 100 times lower than the grain size. In order to obtain ghows a dramatic reduction with increasingas the MIT is
mean free path comparable to the grain size for these copproachey falling from 3.3<10" K for x=0.03 to 2
ductivity values we would have to accept a carrier density as< 10* K at x=0.15. This can be understood based on the fact
low as 168 cm 3. Although free-electron models are un- thatT, scales as P, where§, the localization length, di-
likely to account exactly for the metallic conductivity in sys- verges at the MIT in accordance with the scaling thery.
tems such as these, it seems that the conductivity saturation The behavior of the magnetoresistan¢®R) ratio
shown in Fig. 16 is not due to grain-boundary scattering. We Ap/po=p(H)—p(H=0)/p(H=0)] and a closer examina-
therefore interpret the data in terms of the simple percolatiotion of p(T,H) are shown in Fig. 18. Samples witk
model. =0.60, 0.30, 0.18, 0.15, and 0.09 are shown, and the MR
The temperature dependence of the conductivity near thdata were taken in a magnetic field of 90 kOe. K¥0.60
MIT is worthy of further comment. As expected from the and 0.30 samples are representative of the F phase, showing
effects of electron-electron interaction in the presence of dismetallic behavior irp(T) and a negative MR which peaks in
order, Sr doping levels just on the metallic side of the tranthe vicinity of Tc. At the most conductive compositions
sition exhibit aT¥? dependence in the conductiviy.As  (aroundx=0.4—0.6)dp/dT>0 in the wholeT range, and
shown in Fig. 17, forx=0.18, the conductivity obeys(T) MR values up to 10% can be achieved. We consider this MR
=a(T=0)+mT2%° with ¢(T=0)=10.3(Q@cm) > andm to be a CMR-type behavior similar to that observed in
=1.23 (@ cm) *K~2 below about 10 K. Sucim values  Lag Sl 3Mn0;,%>1911-83ue to the fact that it is negative,
are in good agreement with previous work on disorderedpeaks just belowl - and has the expected field dependence,
systems near the MIT*8This analysis cannot be applied to as shown in Fig. 19. Here it is clearly seen that p{#l)
higher x samples becausg) it only applies in the weakly behavior is “rounded” abovel. and “sharp” below T.
localized regime close to the MIT an@i) samples with  This is due to the fact that the MR scales with the sample
x>0.20 were not measured below 5 K. On the insulatingmagnetizatior;>%® meaning that the resistivity decreases
side of the MIT the data of Fig. 14 for<0.18 where found quickly with applied field forT<T., whereM increases
to fit the Mott variable range hopping law,o rapidly with H. There are a number of noteworthy points
=Aexd—(To/T)"4], where A and T, are constantsT, about the behavior of the CMR, which should be addressed
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FIG. 20. The doping dependence of the two magnetoresistance
FIG. 19. Magnetic field dependence of the magnetoresistancgonriputions. The open symbols denote the low-temperdfui®)
ratio for x=0.40. The data were taken just abd80 K) and just MR, while the solid symbols represent the CMR-type behavior,
below (240 K) T¢ (250 K). which occurs in the vicinity ofl ..

before we continue to a description of the magnetotranpork) as a function ok. The CMR peak vanishes sharplyxat,
behavior asx is decreased and the MIT occurs. First, thewhile the lowT MR monotonically increases with decreas-
low-temperature tail in MR[) for the most conductive ing x, as the insulating phase is entered. The behavior just
samplede.g.,x=0.6 in Fig. 18b)] is rather small. This tail below the MIT atx=0.15 is particularly interestindFig.
is typically observed in polycrystalline manganite thin films 17(h)], as the MR persists even up to room temperature
and bulk samples but is not observed in single cryst&ls®®  where it attains a value of approximately 35%. The origin of
It is attributed to intergranular tunneling across grain boundthis MR is not completely clear although it is likely due to
aries, an effect analogous to the tunneling magnetoresistanegin-dependent effects in the hopping regime. These effects
(TMR) observed in planar F/insulator/F tunnel juncti8hdt  are due to the spin-dependent part of the random potential
is therefore accompanied by hysteresig (i) and increases distribution, which is suppressed in large magnetic fields as
strongly with decreasing temperature. Our samples displashe spins are aligned. The behavior in the magnetic semicon-
neither of these effects; we observe no hysteresis in the MBuctor Gd_,v,S, as investigated by von Molnat al*’ is
and, at least for the most conductive part of the phase spacthe classic example. Very similar behavior has previously
the MR does not increase sharply with decreasingVMe  been observed by us in LaCg@bove the spin-state transi-
therefore doubt that the Io@-MR is due to the intergranular tion temperaturé® where the Cd" ions are paramagnetic. It
tunneling mechanism. It is also worth noting that we observés important to note that the work on classic magnetic semi-
none of the complex, history dependent, resistivity noncloconductors such as Gd,v,S, (Ref. 47 and Cd_,Mn,Te:In
sure effects observed in a previous study of the MR of(Ref. 4§ shows that the behavior of the MR in the insulating
Lay -, SKCoO; polycrystals by Mahendiraet al®® Mahendi-  phase can be understood in terms of the formation of mag-
ranet al. also report an unexpected crossover to positive MRhetic polarons. The polarons are aligned by the magnetic
at highT for the most metallic samples. We do not observefield leading to a suppression of the spin-dependent part of
such behavior. the disorder potential and increased probability for a Hop.
As x is lowered and the MIT is approached this IGwail  In our cobaltite system the situation is similar. The’'Cand
in MR(T) becomes more pronounced, as does an upturn i€o** spins which make up the magnetic polardos ferro-
p(T) at low temperatures, likely due to weak localization. magnetic clustedsare aligned by the magnetic field leading
[Given that we have conclusively proven that samples withto an increased hopping probability and a negative MR. This
x>0.18 have finite zero-temperature conductivity and aresimple, albeit very qualitative, model also offers a possible
therefore metals we interpret the Iotvapturn inp(T) sim-  explanation for the enhancement of the MR near the MIT,
ply as due to weak localization, rather than a re-entranteading to MR persisting to room temperature 6 0.15. In
insulator-metal transition as suggested by Senaris-Rodriguahe situation where the composition is very close to the per-
et al>®] As x is reduced to 0.18 and below, the CMR peak incolation threshold it is clear that the application of a mag-
the vicinity of Tc decreases in magnitude and eventuallynetic field, which changes the spin alignment of the clusters
disappears, the lowW-MR increases angd(T) crosses over to is likely to induce large changes in the conductivity. This is
a semiconductorlike temperature dependeree0.18 is the  consistent with the concepts developed by Xioeigal 5
lowest x which shows a peak in MRY), further evidence where the critical exponent for the percolation driven MIT is
that the critical composition lies in the range 0<% a strong function of magnetic field.
<0.18. The dependence of the MR anis more clearly It is important to note that the SG freezing appears to
shown in Fig. 20, which plots the peak MR val(gue to  have no effect op or the MR. There are no anomaliesTat
CMR effectg and the maximum lowr MR (measured at 5 at any of the compositions studied. The effect of SG freezing
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on the transport properties of magnetic semiconductors is eations of ferromagnetic orderinglarge magnetization,
relatively open issue and there are few cases wheiaflu- Brillouin-like temperature dependence of the field cooled
ences the conduction mechanism. Rare examples includeagnetization and the existence of a Curie temperatse
a-Mn,Si;_, (Ref. 69 and Cd_,Mn,Te:In,’® where the SG well as simultaneous indications of glassy behavior
freezing leads to a corresponding freezing of the magnetiéfrequency-dependent peaks in the out-of-phase component
polaron binding energy, which in turn leads to the recoveryof the ac susceptibility and an unusual temperature depen-
of a simple activated form fop(T) in the hopping regime. dence of the zero-field-cooled magnetizajio®n the other
As a final note on the magnetotransport properties of thifiand, forx<<0.18 we observe clear indications of spin-glass
system and their relation to the ferromagnetic clusters anéfeezing(a frequency-dependent peak in the in-phase com-
percolation, we would like to point out that a similar model ponent of the ac susceptibility which can be described by
is invoked to explain the observation of a giant anomalousritical slowing down of spin dynami¢sas well as indica-
Hall effect in single-crystal La ,CaCo0,."* The original  tions of strong ferromagnetic correlatiofiarge field-cooled
discovery of the largest anomalous Hall effect of any knownmagnetizatioh In terms of magnetotransport properties we
metal was made in La,CaCoQ; thin films by Samoilov have determined that the metal to insulator transition is co-
et al.”> who interpreted their data in terms of enhanced spinincident with the onset of ferromagnetic ordering. On the
orbit scattering at the interfaces between low-spin and highmetallic side we observe colossal magnetoresistance-type ef-
spin regions, in the vicinity of the percolation threshold. fects which exhibit a peak in the vicinity of the Curie tem-
Baily et al’! prefer to interpret the giant anomalous Hall perature. In contrast, the magnetoresistance on the semicon-
effect as being due to an inhomogeneous current density duiicting side monotonically increases with decreasing
to the existence of ferromagnetic clusters. This second scéemperature and shows an enhancement near the transition.
nario is entirely consistent with the cluster model used in thisVe have consistently interpreted all of these phenomena in
paper to understand the magnetotransport properties ®€rms of the short-range-ordered ferromagnetic cluster
La; ,Sr,Co0;. model, which seems to be a very reasonable qualitative de-
To summarize our magnetotransport measurements wecription of the phenomenology. This system clearly shows a
observe a MIT ai, which is consistent with a percolation propensity for intrinsic phase separation that is even stronger
transition. The ferromagnetic clusters begin to coalesce ghan that seen in manganites such as_L&rMnO;. We
this point leading to the simultaneous onset of ferromagsuggest that the evidence for magnetic phase separation in
netism. CMR-type behavior is observed on the metallic sideloped cobaltites is abundant, and that these compounds are
of the MIT, while a lowT component to the MR increases in model systems in which to study intrinsic phase separation.
magnitude as the insulating phase is entered. This MR corfFuture experiments which would greatly benefit the under-
tribution is attributed to the increase in the probability of standing of the fundamentals of phase separation include
hopping processes as the external field aligns the Co spingansmission electron microscopy, neutron scattering, scan-
leading to negative MR. ning tunneling microcopy, scanning tunneling spectroscopy,
and Co nuclear magnetic resonance. In addition it is clear
that quantitative models of the phase separation are needed
IV. SUMMARY AND CONCLUSIONS anng with predictions.concerning the size, magnetizr_sltion,
carrier density, and spin dynamics of the ferromagnetically
We have presented a detailed set of magnetometry, awrrelated clusters.
susceptibility and magnetotransport measurements on poly-
crystals of La_,Sr,CoQ; at a total of 14 compositions from
x=0 (LaCoQ) to x=0.7. The magnetic phase diagram has
been constructed and the characteristics of each phase estab-
lished. In the ferromagnetic phase measurements of the av- We would like to thank I. Terry, W. Moulton, D. Dahl-
erage spin state of the Co ions, from both Brillouin functionberg, P. Crowell, and S. Giblin for valuable discussions. We
fits to the temperature dependence of the magnetization arate grateful to the UMN Institute for Rock Magnetism for
Curie-Weiss behavior at high temperatures, indicated a conthe use of magnetometry facilities. The acquisition of a mea-
position dependence that is consistent with both ions adopsurements system which was used extensively in this inves-
ing the intermediate-spin state. A&=0.18 we observe indi- tigation was supported by NSF Grant No. DMR-0113917.
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