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Abstract

We have carefully studied the relation between the critical and electrical behavior of rhombohedral
La1xSrxCo0s (x = 0.2-0.5) compounds prepared by solid-state reactions. The results obtained from
analyzing M(T, H) data indicate that and all compounds undergo a second-order phase transition
and the ferromagnetic-paramagnetic (FM-PM) transition temperature increase from approximate
182 K for x = 0.2 to 253 K for x = 0.5. Basing on the modified Arrott and Kouvel-Fisher techniques,
scaling hypothesis, and critical isotherm analysis, we have determined the critical exponent values
characteristic of magnetic order of LaixSrxCoOs, with = 0.361~0.489, y = 1.021~1.346, and ¢ =
2.99~4.72. Interestingly, though all compounds are metallic ferromagnets, we have found the phase
segregation in magnetic order as x > 0.3, where magnetic interactions tend to change from long-to-
short-range FM order together with the absence of the insulating-like behavior at temperatures
below 100 K. These phenomena are related to the spatial coexistence of multiple electronic and
magnetic phases due to the changes in concentration of cobalt ions, spin-state transitions, and the

existence of poor-hole anti-FM and hole-rich FM regions.
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1. Introduction

It is known that lanthanum cobalt oxide (cobaltite) in the stoichiometric form (LaCoOs3) has a
rhombohedrally distorted perovskite structure. Its transport property is in the highly mixed character
region between the Mott-Hubbard and charge-transfer insulators, and can change from an insulator
through a semiconductor to the metallic behavior when temperature (T) increases [1-3]. Having

studied its magnetic property, one has found a very complex scenario. For example, LaCoOs in the

ground state is nonmagnetic (diamagnetic) with Co®* in the low-spin (LS,tfge;’, S =0

configuration [4, 5], and there is the coexistence of the Curie-Weiss (CW) behaviour and Van-
Vleck paramagnetism at temperatures T < 25 K [1] and the crossover of diamagnetic-paramagnetic
transformation at ~100 K [6]. Additionally, LaCoOz undergoes the transition from a paramagnetic
(PM) insulator to a PM metal above 500 K [6], which is different from lanthanum manganite
(LaMnOg) exhibiting only the insulating antiferromagnetic (AFM) behavior [7]. Such unusual

magnetic and transport properties are ascribed to the spin-state transition of Co®*" from the LS

configuration to intermediate-spin (IS, t3,€; , S = 1) and high-spin (HS, t; e;, S = 2) configurations

[2, 6, 8-10], and AFM superexchange interactions between Co3" ions. These two spin states have
very different features that the S = 1 state is Jahn-Teller active and accompanied with orbital
degeneracy while the S'= 2 state is not [11, 12]. A part from the impact of temperature, it has also
been observed pressure- and field-driven spin-state transitions [9, 13, 14]. Stimulated by those
intriguing properties, many research works have focussed on LaCoO3 [9, 15, 16].

The magnetic and transport properties of LaCoOs could be remarkably improved if La®" is
partly replaced by a divalent element (Ca?*, Ba®*, or Sr?*) [2, 17-21]. The doping creates more Co**
ions, and hole-rich ferromagnetic (FM) metallic clusters (associated with the double-exchange
interaction of Co%*-Co** pairs) confined in the hole-poor insulating AFM matrix (associated with
the super-exchange interaction of Co%*-Co% and Co**-Co*" pairs) [1, 2, 22]. Particularly, the

introduction of charge carriers and Co*" will increase the complexity of the system because it can



also appear with LS (t>.e2, S =1/2), IS (t;. e}, S=3/2) and HS (t} e?, S = 5/2) states. By varying

2g°-g" 2g~g? 2g~g?

dopant content and external parameters (such as thermal energy, magnetic and electric fields, and
pressure) [1-3, 5, 14, 22-24], one can easily control the strength of FM and AFM interactions, spin-
state transitions, and magnetoelectric properties of hole-doped LaCoOs compounds as expected.

Among hole-doped LaCoOs compounds, Lai-xSrxCoOz has been of intensive interest because
of showing the rich electrical and magnetic phase diagrams [1, 2] with intergranular giant
magnetoresistance [11, 25, 26] and can be used as active catalysts for the water electrolysis in
alkaline energy storage/conversion devices [27]. Concerning the electrical property, it has been
found a gradual decrease in resistivity with increasing Sr.content [2, 26]. Specifically, the
compounds with 0 < x < 0.18 have the insulating behavior, an insulating-metallic transition happens
around x = 0.18, both insulating and metallic behaviors are available for 0.2 < x < 0.3 (depending on
temperature), and only the metallicity is for 0.3 < x < 0.5 [1, 2, 10, 26]. Meanwhile, the magnetic
phase diagram of Lai1xSrxCoOs is relatively simple that the spin-glass and cluster-glass (or FM-
cluster) behaviors are revealed for 0.05 < x < 0.18 and 0.18 < x < 0.5, respectively. Because of the
presence of the spin-glassy and FM-cluster states, it has been claimed that long-range FM order is
absent in LaixSrxCoQs [1, 2, 11, 23, 28]. However, neutron-scattering studies have found a
crossover from the short-range FM to long-range FM metallic state at a percolation threshold x, =
0.18 [26]. Some critical-behavior studies have also indicated long-range ferromagnetism in x = 0.21
and short-range FM state in other compositions [17-19, 29-31]. These results reflect a strong
dependence of magnetic order on x. Unfortunately, the previous works on the critical behavior of
La1xSrxCoOs only considered for one x value [18, 29-32] or a narrow range of x [17, 19]. Thus, it is
difficult to follow the variation tendency of critical exponents as well as magnetic order with
respect to x. Additionally, the previous studies have not taken into account the relation between the
critical and electrical behaviors. To get more insight into those problems, we have prepared and
studied the critical and electrical resistivity behaviors around the FM-PM phase transition

temperature (Tc) of LaixSrxCoOs (x = 0.2-0.5) compounds with the robust Co®-Co* FM
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interactions. Though all compounds are metallic ferromagnets, we point out the phase segregation
in magnetic ordering as x > 0.3, where magnetic interactions tend to change from long-range order
to short-range order together with the absence of the insulating-like behavior at temperatures below
100 K. This work has also reviewed the results of the previous studies on the critical behavior of
perovskike-type cobaltites.
2. Experimental details

Four polycrystalline cobaltite compounds of La;-xSr<CoOz (x = 0.2,-0.3, 0.4, and 0.5) were
prepared by the conventional solid-state reaction method. High-purity chemicals La,Oz, SrCOsz and
C0203 in powder (99.9%) were used as precursors. These chemical combined with nominal
compositions were well ground and mixed, and then calcinated in air at 1000 °C for 12 h. After
several pre-annealing times at temperatures below 1200 °C, the obtained mixtures were re-ground
and pressed into pellets by using a hydraulic lab press. These pellets were finally sintered at 1200
°C for 24 h. The room-temperature crystal structure of the final products was checked by a Rigaku
X-ray diffractometer equipped with a Cu-Ko radiation source with wavelength 1 =1.5406 A. Prior
to taking X-ray powder diffraction (XRD) patterns, a small amount of standard Si powder was
mixed with the compounds to minimize errors caused by the position calibration of X-ray incident
angles. Magnetization measurements versus the temperature and magnetic field, M(T, H), were
performed on'a superconducting quantum interference device (SQUID, Quantum Design, USA),
according to the increasing direction of T and H, with temperature increments (AT) of 2 K around
the FM-PM transition Tc and 5 K for other ranges.
3. Results and discussion

Fig. 1 shows room-temperature XRD patterns of all La1xSr«CoOs (x = 0.2-0.5) compounds.
These patterns are fully Miller-indexed in the rhombohedral structure, belonging to the R3¢ space
group. Rietveld refinement based on a rhombohedral structure model, as reported on the Lai-
xSrkCo03 system in which Co occupies the 6b site (0, 0, 0), La/Sr is in the 6a site (0, 0, 0.25), and O

is in the 18e site (x, 0, 0.25) [3, 33, 34], provided a satisfactory fitting quality for each compound.



The refined cell parameters (an, ch, Vh, ar and a), the Co-O bond length, and the Co-O-Co bond
angle calculated for the compounds are shown in Table 1, where an and cn refer to the lengths of the
a and c axes in the hexagonal system, respectively, and ar and o refer to the length of the a axis
and the angle in the rhombohedral system, respectively. The variation tendency of these parameters
are fairly the same as the results reported previously on La1xSrxCoOs [3, 24, 35], and explained due
to the replacement of a larger Sr?* ion (1.31 A) for a smaller La®* ion (1.16 A), an increase in Co**
concentration and created oxygen vacancies (Vo) or oxygen deficiency, leading to a decrease in
Co® concentration, when x increases.

If more attention is given to the feature of XRD patterns, one can see the decreased splitting

of XRD peaks versus increasing Sr content. Concerning this problem, it is known that the

rhombohedral structure is a distorted type of an ideal cubic structure with the Pm3m space group
resulted from a cooperative tilting of MnOs octahedra with the a"a"a" type, using Glazer’s notation
[36]. The rhombohedral distortion is characterized by splitting the Bragg single peaks of the cubic
phase (with diffraction planes (110)c, (111)c, (210)c and (211). peaked at 26 =~ 32.8, 40.6, 53.2 and
58.68°, respectively) into several rhombohedral components, Fig. 1. The degree of the peak
splitting would be decreased with increasing Sr content, implying that the Sr doping leads to a
reduction of the rhombohedral distortion. On the other hand, the rhombohedral distortion degree
can be also estimated via the rhombohedral angle ar. As seen in Table 1, ar decreases almost
linearly from 60.58 for x = 0.2 to 60.21° for x = 0.5 and is expected to reach 60° at x > 0.55, which
is related to the rhombohedral-cubic transformation [3, 35].

Fig. 2(a) shows zero-field-cooled (ZFC) and field-cooled (FC) M(T) data of all La1-xSr«CoO3
compounds in an applied field H = 100 Oe. At a given T value in the FM phase, M increases with
increasing Sr content. For the ZFC data, when temperature increases from 5 K, M also gradually
increases and reaches the maximum at the so-called Tmax (its value is listed in Table 1), where the
anisotropic-field energy (generated by FM/AFM clusters) acting on magnetic moments of Co ions

is equal to the energy of an applied field H. Under the FC condition, however, M tends to decrease



when T increases from 5 K to Tmax. There is also the bifurcation in the ZFC and FC curves at
temperatures below the FM-PM transition temperatures (Tc). Such phenomena are widespread for
both cobaltite and manganite systems, and dependent on the applied field magnitude [28, 37]. A
temperature increase above Tmax leads to the overlap of the ZFC and FC M curves and to a rapid
decrease of M because of the FM-PM phase transition induced by thermal energy, where ordered
magnetic moments become disordered. By plotting dM(T)/dT curves, Fig. 2(b), we determined Tc
values of 182, 229, 237, and 253 K for x = 0.2, 0.3, 0.4, and 0.5, respectively, in agreement with the
results reported by Itoh et al [1]. If performing »(T) = H/M(T) curves for the PM region (T > Tc),
the inset of Fig. 2(b), one can see clearly their linear variation obeying the CW law »(T) = C/(T-0),
where C and @ are the Curie constant and CW temperature, respectively. Fitting the »(T) data to
the CW law at T > Tc would obtain the values of C'and &, Similar to M, both Tc and & (Table 1)
also increase with increasing x. This is attributed to the enhanced FM correlation length and
dynamic 1S-LS exchange interactions mediated by the double-exchange between Co®*" and Co**

ions [11, 12]. Based on the obtained C values and the relation C = N(ugp5")*/3kg (with

Avogadro's number N = 6.023x10?* mol™, Bolzmann's constant ks = 1.3806x102% J/K, and the Bohr

magneton s = 9.274x10* J/T), we determined the effective PM moment ( p5*). As shown in

Table 1, pz"wvalues are between 3 and 4, and fairly close to the theoretical values calculated

according to the equation of p&' = \/ (L= X) Loy + Xtheogary » Where fic s~ 2.83 1y and gy~
3.87 1, are the effective magnetic moments of Co®" and Co** ions, respectively, in the IS states. It
should be noticed that the pg"values of x > 0.4 are quite different from those reported by Senaris-

Rodriguez and co-workers [2], but close to those reported by Xu and Muta et al [10, 35]. This could
be due to different spin states of Co®*** jons and x-dependent Co®*/Co** ratio, which are influenced

by sample-preparation conditions and created Vo contents.



To understand the Sr-doping influence on magnetic order in LaixSrCoOs, we have
considered the initial magnetization, M(H). Figs. 3(a-c) show the M(H) data of typical compounds
with x = 0.2, 0.4 and 0.5 recorded at temperatures around Tc. Similar to M(T) data, Fig. 2(a), M(H)
also gradually decreases with increasing T. Additionally, with increasing H from 0 to 50 kOe, M
increases nonlinearly at low temperatures, but becomes linear at high temperatures. No M saturation
in all compounds has been achieved even at high-magnetic fields up to 50 kOe. Many cobaltites and
manganites also exhibit these features [17, 18, 31, 38], which are related to magnetic
inhomogeneities (due to FM clusters) and the FM-PM phase transition (where ordered magnetic
moments of Co ions become disordered when T or thermal energy increases above Tc¢). Particularly,
if performing H/M versus M2 plots, Figs. 3(d-f), one can see that their slope is positive and there are
no features like the H/M versus M? curves of DyCo, as ErixPr«Coz compounds studied previously
by Parra-Borderias et al [39]. According to Banerjee [40], the positive and positive slopes of H/M
versus M? indicate first-order and second-order phase-transition characters, respectively. Based on
those criteria, we suggest that our La;xSrxCoO3z compounds have the character of a second-order
phase transition (SOPT) and there is no token of a first-order (or even "weak" first-order) transition.

If observing carefully the features of H/M versus M? curves, Figs. 3(d-f), it comes to our
attention that the variation tendency in slope around Tc is quite different and remarkably dependent
on x in Lai«SrkCoOs. The x = 0.2 compound shows linear H/M versus M? curves at high fields and
nonlinear parts at low fields, which are driven towards two opposite directions due to the FM-PM
separation, Fig. 3(d). Meanwhile, the others (x = 0.4 and 0.5) do not show these features, Figs. 3(e,
f). These different features are ascribed to different magnetic order of the compounds. The
assessment of the difference in their magnetic order can be based on comparing the critical-

exponent values of S, » and & associated with temperature dependences of the spontaneous
magnetization, Ms(T), inverse initial susceptibility, ;*(T), and critical isotherm, M(H) at T,
respectively, with those of the standard models (the mean-field theory, tricritical mean-field, 3D

Heisenberg and 3D Ising models). The determination of £, y, and o values is usually based on the



theory of a "continuous™ second-order phase transition proposed for a ferromagnet. According to
Landau's theory [41], the free energy G for a FM system can be expressed as an expansion of M as
GL = aM?+ bM* +... - HM, where a and b are temperature-dependent coefficients. The equilibrium
state is found at the minimum of GL when &GL/AM is equal to zero, resulting in the Arrott-plot
equation of H/M = 2a + 4bM? [42]. This equation can be generalized as the Arrott-Noakes equation

of state, which is known in the modified Arrott (MA) method [43]

(HIM)Y7 = c16 + coMYP, (1)

where c1 and ¢z are temperature-dependent coefficients, and & = (T-Tc)/Tc is defined as the reduced
temperature. Eq. (1) implies that with correct 4 and y values the plot of MY# versus (H/M)Y” data in
the vicinity of Tc introduces parallel straight lines and one of these lines passes through the origin at
T = Tc. To estimate the S and » values of the compounds, we firstly plotted the MY# versus (H/M)*”
curves with the exponents of the mean-field (MF, § = 0.5 and y = 1.0), and 3D Heisenberg (S =
0.365 and y = 1.336), 3D lIsing (£ = 0.325 and y = 1.241), and tricritical MF (# = 0.25 and y = 1)
models [38, 44]. The preliminary checks indicated that the exponents of x = 0.2 and 0.3 are close to
the MF theory values while those of x = 0.4 and 0.5 are close to the 3D-Heisenberg-model values.
The exponent values of these two models are thus used as trial parameters for refining the correct g
and y values characteristic for La1-xSrxCoOzs. This process is based on the MA method, using the
following asymptotic relations

Ms(T) = Mo(-&)?, <0, (2)

o' (T) = (ho/Mo)&, £>0, ®)
where Mo and ho are the critical amplitudes. As guided in detail by Kaul [45], with the selected trial

exponents, Ms(T) and y,"(T) data are determined from linear extrapolation for magnetization
isotherms to MY and (HIM)Y7 (= y;*)"7 axes, respectively. The Ms(T) and y;*(T) data are then

fitted to Egs. (2) and (3), respectively, to achieve finer g and y values. Concurrently, two Tc values



extrapolated from the FM (Ms) and PM ( ;") regions would be the same. These 3, y, and Tc values

will be used for the next MA processes until the critical parameters converge to their stable values.
Fig. 4 shows the best fitting results, using the MA method for magnetic fields H > 10 kOe. We
obtained 8= 0.498(2), » = 1.021(1) and Tc = 181 K for x = 0.2; = 0.418(4), y = 1.229(2)‘and Tc
=222 K for x =0.3; £ =0.385(8), y =1.232(1) and Tc = 232 K for x = 0.4; and #=0.361(1), y =
1.346(4) and Tc = 244 K for x = 0.5, as listed in Table 2, the so-called MA exponents.

Alternatively, one can use the Kouvel-Fisher (KF) method to determine the exponent values

through the following relations [46]

M, (T)- [d“fﬂm} -5 @
wO] _T-T.
X (T)- { T } T (5)

It has been suggested that Ms[dMs/dT]* and y,'[dy,"/dT]™" versus T plots would introduce

straight lines with slopes 1/ and 1/y, respectively. When these straight lines are extrapolated to the
ordinate equal to zero, the intercepts on the T axis just correspond to Tc values [47]. As shown in
Fig. 5 and Table 2, the best-fitting results as using the KF method introduce the critical values of g
=0.493(1), 7 = 1.018(5) and Tc = 181 K for x = 0.2; #=0.417(8), » = 1.228(1) and Tc = 222 K for
x = 0.3; #=0.384(9), » = 1.232(8)) and Tc = 232 K for x = 0.4; and #=0.362(2), » = 1.342(8) and
Tc = 244 K for x = 0.5. These values (the so-called KF exponents) are very close to those
determined from the MA method. Thus, the following will use the MA exponents for discussion.
With the £ and y values obtained from the MA and KF methods, we performed MY/ versus
(H/M)Y7 curves. The results represented in Fig. 6 for the MA exponents indicate that MY/ versus
(H/M)Y7 plots at temperatures around Tc give parallel straight lines (even at very low-magnetic

fields) and one of these at T = Tc passes through the origin. According to the static-scaling



hypothesis proposed in the scaling theory, the magnetization isotherms in the critical region is a &
and H-dependent universal function as follows
M(H,e)=lel” f.(H/|e]"7), (6)

where f. and f. are regular functions for T > Tc and T < T, respectively [38, 41, 47]. This equation
means that by plotting M/&# versus H/&%*7 with suitable S and y values, all M(H) data points at
temperatures T < Tc and T > Tc would fall on the universal curves f. and f+, respectively. With the
MA exponents and log-log scale plots shown in Fig. 7, all experimental data points fall on two
universal curves, one for T < Tc and the other for T > Tc. The same results are also observed for the
exponents determined from the KF method, not shown here. For ¢, its value can be obtained from
the critical-isotherm (CI) relation M(H, Tc) = DHY% or the Widom scaling relation 6 = 1 + y/5 [38,
41], where D is the critical amplitude, and g and y are the MA (or KF) exponent values obtained. As
shown in Table 2, the ¢ values determined from both methods are almost the same, with 6 = 3.0,
3.9, 4.2, and 4.7 for x = 0.2, 0.3. 0.4,-and 0.5, respectively. The analyses prove that the critical
values obtained from the MA and KF methods are completely reliable and reflect frankly the
magnetic nature of La;xSrxCoOs compounds.

Comparing with the theoretical values, Table 2, it comes to our attention that the exponents of
x=0.2 (#=0.498 and y = 1.021) are very close to those expected for the MF theory, fairly suitable
to the results reported by Khan et al [17] on x = 0.21 with £ =0.485 and y = 1.214. However, the
scenario becomes more complex for other compounds (x = 0.3-0.5). While the g value of x = 0.3 (8
=0.418) is more MF-like, and that of x = 0.4 (= 0.385) locates between those expected for the MF
and 3D Heisenberg models, their yvalues (= 1.229 and 1.232 for x = 0.3 and 0.4, respectively) are
close to the value of the 3D Ising system (with y = 1.241). Some authors have also found this
critical fluctuation. As reported by Mira et al [19] on x = 0.2-0.3, S (= 0.43-0.46) is more MF-like,
but y (= 1.39-1.43) corresponds to the Heisenberg model. Meanwhile, Menyuk et al [32] studied x =

0.5 and found the = 0.27 value is close to the 3D Ising system, but ¢ = 3.05 is more MF-like. The
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nature of critical fluctuations could be due to the fact that § and y are calculated from fitting the
Ms(T) and z,*(T) data below and above Tc, respectively. There could be room for other changes
contributed to the FM-PM transition, such as the T-dependent spin-state change of Co ions [19] and
the enhanced population of Jahn-Teller polarons due to the introduction of Co** [12]. Surprisingly,
for the last compound (x = 0.5), its exponents (£ = 0.361 and y = 1.346) are close to those expected
for the 3D Heisenberg model with nearest-neighbour FM interactions. If noticing the variation
tendency of the exponents in our case, one can see a decrease of S together with.an increase of yand
0 when x increases from 0.2 to 0.5. These results indicate that x = 0.2 has long-range FM order
while x = 0.3-0.5 have short-range FM order. Magnetic order tends to decrease with increasing X. In
other words, there is a phase separation in magnetic arder in LaixSrCoOs as x > 0.3, where
magnetic interactions tend to change from long-range order to short-range order. As listed in Table
2, Saadaoui and Mukherjee et al [30, 31] also found short-range interactions in x = 0.4 and 0.5 with
the exponents close to the 3D-Heisenberg system, fairly suitable to our results. For Lai;-xBaxCoOs3
with x > 0.3 compounds, one also-found short-range magnetic order with the exponents close to the
3D-Ising system [21]. However, many inconsistent results were reported on x = 0.2-0.3. For
example, Khan et al [17, 18] found long-range FM order in x = 0.21 and short-range order in x =
0.25 and 0.33 while Mira et al [19] found only short-range order in x = 0.2-0.3. More recently, Li
and co-workers [29] have found x = 0.3 exhibiting short-range interactions with the exponents (5 =
0.272, y=1.291, and ¢ = 5.54) close to the 3D Ising system. These inconsistencies can be generated
from several following causes:

(i) Oxygen stoichiometry in LaixSrCoOs, which is influenced by sample-preparation
conditions, leading to different Co®**** concentrations and inhomogeneities, particularly
for x > 0.3 [2, 3]. This was investigated by Zhang et al [48] for another cobaltite system
of monoclinic ProsSrosCo0s.5, Table 2, where they found short-range and long-range

FM order in the compounds with o= 0 and 0.17, respectively.
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(i) Studied sample types (single-crystal or polycrystalline samples) are different, because
their critical behaviour is also dependent on magnetocrystalline anisotropy, size of
crystallites/grains, and magnetic correlation length [18, 49].

(iii) The influences of the demagnetization field and magnetic-field ranges used for the MA
(or KF) processes, as pointed out by Phan and Zhang et al [38, 49, 50] for the case of
perovskite manganites.

We also believe that the long-to-short range-order transformation in LaixSrkCoOs3
compounds as x > 0.3 is tightly related to their electrical behavior. To clarify this problem, we have
measured the electrical resistivity (o) of the compounds. The results recorded in the range T = 20-
400 K reveal that they are all metallic (p = 0.8x107° ~ 4.5x10° Q.cm), and p decreases gradually
with increasing x, owing to an enhancement of double-exchange interactions between Co®* and
Co*" ions. The feature of p(T) curves also indicates a phase separation as x > 0.3. Specifically, at T
< 100 K, while only the metallicity was observed for x = 0.4 and 0.5, a metallic-insulating-like
transition was observed for x = 0.2.and 0.3 at the so-called Tm temperature (with Tmi = 60 and 86 K
for x = 0.2 and 0.3, respectively). This phenomenon occurring at T < Twm could be related to spin-
state transitions of Co ions and/or the inhomogeneity caused by the coexistence of poor-hole AFM
and hole-rich FM phases [2]. At temperatures T > 100 K, though p of all compounds increases with
increasing temperature, there is a change in slope (S = dp/dT) around Tc due to spin-disorder
scattering, which has also been found in FM SrRuixFexOz.s materials [51]. Particularly, if
considering the S(T) curves, the inset of Fig. 8, one can see a rapid decrease of the maximum S
around Tc when x increases above 0.3. With the results obtained from studying the critical behavior
and p(T), it is reasonable to claim the phase segregation in the magnetic and electrical properties in
La1xSrxCo0Os around x = 0.3, where magnetic order is driven from long-range type to short-range
one accompanied with the loss of the insulator-like behavior (or the Tm transition) at temperatures
T < 100 K. It should be noticed that because x = 0.3 is at the boundary between short- and long-

range ordering, its £ value is more MF-like while y is close to the 3D Ising system. Clearly, though
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La;xSrxCoO3 has been known as spin-glass and cluster-glass (or FM-cluster) systems with the
coexistence of poor-hole AFM and hole-rich FM regions [1, 2, 30], short- and long-range magnetic
ordering could be still established. This is ascribed to the spatial coexistence of multiple electronic
and magnetic phases, which are sensitive to the concentration and spin configurations of Co3***
ions. In fact, it has also been showed that long-range magnetic order could be established in
complex spin structures, such as antiferomagnets and noncollinear magnets [52].
4. Conclusion

We prepared rhombohedral LaixSrxCoOs (x = 0.2-0.5) compounds by solid-state reactions,
and studied their magnetic, critical, and electrical behaviors. The results revealed that all the
compounds are metallic and exhibit the SOPT with Tc tuneable in the range of 181-253 K.
Particularly, the results obtained from the critical behavior and p(T) analyses indicated the magnetic
and electrical phases taking place around x = 0.3, where there is the transition of long-range
magnetic order (x = 0.2) to short-range one (x > 0.3) together with the disappearance of the
insulator-like behavior at temperatures T < Tmi. The establishment of short- and long-range
magnetic order in Lai1xSrxCoOs could be due to the spatial coexistence of multiple electronic and
magnetic phases that are-influenced by the concentration and spin-state changes of Co®*** ions.
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Figure captions

Fig. 1. XRD data (symbols) of La:1xSrxCoOs (x = 0.2-0.5) fitted to a theoretical model by using the

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Rietveld method (solid lines).

. (@) ZFC and FC M(T) and (b) dM(T)/dT curves for all LaixSrxCoOs compounds in an

applied field H = 100 Oe. The inset shows ZFC y(T) data in the PM region fitted to the

CW law.

3. (a-c) M(H) and (d-f) H/M versus M? curves of typical La1-«Sr«CoOs compounds with x = 0.2,

0.4 and 0.5.

. Ms(T) and ;" (T) data are fitted to Egs. (2) and (3), respectively, for typical Lai-xSrxCoOs

compounds with (a) x = 0.2, (b) x = 0.4, and (c) x =0.5.

. Ms(T) and ;" (T) data are fitted to Egs. (4) and (5), respectively, for typical Lai-xSrxCoOs

compounds with (a) x = 0.2, (b) x = 0.4, and (c) x = 0.5.

. MA plots of M¥Z versus (H/M)Yfor M(H) data of three typical compounds with (a) x = 0.2,

(b) x = 0.4, and (c) x = 0.5, with exponent values g and y obtained from the MAP method as

described above. Temperature increments are fixed at 2 K.

. Scaling plots of M/|£]? versus H/|£#*7 on a log-log scale for the M(H) data of Lai1-«xSrxCoOs

compounds with (a) x = 0.2, (b) x = 0.4, and (c) x = 0.5 around their FM-PM transition.

. Temperature dependences of the electrical resistivity, p(T), of all LaixSrxCoOs compounds

(x=10.2-0.5). The inset shows the S variation with temperature (i.e., dpo/dT versus T) of the

corresponding compounds around their Tc.
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Table 1. Experimental parameters of LaixSrCoOz (X = 0.2-0.5) obtained from analysing the crystal

structure, and M(T) data for H = 100 Oe.

Compound

an

Ch

\Y

ar

Co-O

Co-0O-Co

T max

Tc

exp

o

(A) (A) (A%) (A) ©) (A ©) K | (K) (K Z:)
x=02 |5451(3)| 13.180(1) | 339.20(5) | 5.404(3) | 60.57(6) | 1.937(4) | 164.47(7) | 152 | 182 | 196 | 3.36(7)
x=03 |5.446(2) | 13.205(2) | 339.21(7) | 5.409(4) | 60.45(1) | 1.937(3) | 164.49(7) | 209 | 229 | 235 | 3.65(5)
x=04 |5436(3) | 13.226(3) | 338.49(1) | 5.411(8) | 60.29(9) | 1.936(5) | 164.50(7) | 219 | 237 | 245 |3.82(8)
Xx=05 |5.425(4) | 13.227(1) | 337.19(4) | 5.408(4) | 60.20(8) | 1.933(2) | 164.51(3) | 218 | 253 | 254 | 4.16(7)
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Table 2. Critical parameters of our LaixSr«CoOs (x = 0.2-0.5) compounds compared with those
reported previously on other single-crystal (SC) and polycrystalline (PC) perovskite-type cobaltites.

Compound Technique | Tc(K) B y ) Ref.
Mean-field model Theory - 0.5 1.0 3.0 [38]
3D Heisenberg model Theory - 0.365 1.336 4.66 [38]
3D Ising model Theory - 0.325 1.241 4.82 [38]
Tricritical mean-field Theory - 0.25 1.0 5.0 [44]
model
Lao.sSro2Co0s (PC) MA 181 0.498(2) 1.021(1) 3.04(4)

KF 0.493(1) 1.018(5) 3.06(4) this work
Cl 2.99(1)
Lao.7Sro.3C00s (PC) MA 222 0.418(4) 1.229(2) 3.94(2)
KF 0.417(8) 1.228(1) 3.94(5) this work
Cl 3.83(2)
Lao.6Sro.4Co0s (PC) MA 232 0.385(8) 1.232(1) 4.19(4)
KF 0.384(9) 1.232(8) 4.20(8) this work
Cl 3.96(5)
LaosSrosCo0s (PC) MA 244 0.361(1) 1.346(4) 4.72(9) this work
KF 0.362(2) 1.342(8) 4.70(7)
Cl 4.39(3)
Lao.sSro..Co0s (PC) MA 199 0.46 1.39 4.02 [19]
Lao.75Sr0.25C003 (PC) MA 222 0.46 1.39 4.02 [19]
Lao.7Sro.3C003 (PC) MA 223 0.43 1.43 4.38 [19]
Lao.79Sr0.22C003 (SC) MA 188 0.485(2) 1.214(4) 3.50(1) [17]
KF 0.491(4) 1.217(3) 3.48(1)
Cl 3.51(1)
Lao.75Sr0.25C003 (SC) MA 214 0.367(2) 1.31(2) 4.57(1) [17]
KF 0.362(2) 1.304(6) 4.60(1)
Cl 4.75(1)
Lao.67Sr0.s3C003 (SC) MA 223 0.363(2) 1.315(1) 4.62(1) [17, 18]
KF 0.361(7) 1.31(2) 4.61(4)
Cl 4.64(1)
Lao.7Sro.3C003 (PC) MA 227~228 0.270(7) 1.282(2) 5.75 [29]
KF 0.272(1) 1.291(4) 5.75
Cl 5.54
Lao.6Sro.4Co0s (PC) MA 230 0.396(4) 1.320(2) 4.330(2) [31]
KF 0.391(2) 1.314(3) 4.359(6)
Cl 4.761(1)
LagsSrosCo0s (PC) MA 223 0.365 1.336 4.66 [30]
KF 0.321(2) 1.351(9) 4.21
Cl 4.39(2)
Lao.sSrosCo0s (PC) KF 228 - 1.27(2) 3.05(6) [32]
Lao.3Bao.3Co0s (PC) MA 192 0.328(1) 1.251(8) 4.81(4) [21]
Cl 4.85(3)
Lao.sBaosCo0s3 (PC) MA 153 0.331(2) 1.246(1) 4.76(4) [21]
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Cl 4.31(1)
ProsSrosC0o0s (PC) MA 240 0.387(6) 0.884(2) 3.284(6) [48]

KF 0.391(9) 0.971(7) 3.483(9)

Cl 3.284(3)
ProsSrosCo0z2¢3 (PC) MA 160 0.516(8) 0.993(6) 2.92(4) [48]

KF 0.509(6) 1.067(7) 3.096(9)

Cl 3.046(2)

La,_Sr CoO,

Symbols: Exp data
—— Fitting curves

Intensity (arb. units)

20 (degree)
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Highlights

e The relation between critical and electrical behaviors in Lai-xSrxCoOs3
e Magnetic and electrical phase segregation in LaixSrxCoOs around x = 0.3

¢ A magnetic-order change from magnetic long-range order to short-range one as x > 0.3

e A careful review of critical behavior studies of perovskite cobaltites studied previously

26



