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 2011 February 10The low-temperature macroscopic phase separation inLa0:5Ba0:5CoO3�� cobaltiteI. O.Troyanchuk�1), D. V.Karpinsky�, M.V.Bushinsky�, V. Sikolenko�?, V. E�mov?, A. Cervellinor�SSPA \Scienti�c-Practical Materials Research Centre of NAS of Belarus", 220072 Minsk, Belarus�Laboratory for Neutron Scattering, ETH Zurich and Paul Sherrer Institute, CH-5232 Villigen, Switzerland?Joint Institute for Nuclear Research, Dubna, RU-141980 RussiarSwiss Light Source, Paul Sherrer Institute, CH-5232 Villigen, SwitzerlandSubmitted 8 December 2010La0:5Ba0:5CoO2:87 has been characterized with neutron and synchrotron powder di�raction and magneti-zation measurements. This compound was shown to have a cubic crystal structure at temperatures above 200Kwhereas slightly above the Curie point Tc � 170K the structural separation into two di�erent pseudocubicphases gradually develops upon cooling. The structural transformation is reversible. At 2K the sample consistsof G-type antiferromagnetic oxygen-poor and ferromagnetic oxygen-rich phases (approximately 33% and 66%respectively).Rare earth cobaltites with an LnCoO3 per-ovskite structure and hole-doped Ln1�xAxCoO3(Ln= lanthanide, A=alkaline earth metal: Ca, Sr orBa) attract much interest as they exhibit a variety ofunusual magnetic and transport properties [1 { 5]. TheCo ions in an octahedral symmetry may have eithera high, intermediate or low-spin state as the energiesof the crystal-�eld splitting of both the Co 3d statesEcf ) and the Hund's rule exchange energy (Eex) arecomparable. In the ground state at low temperature,LaCoO3 contains Co3+ ions with the low-spin electroniccon�guration t62ge0g. Upon heating, the spin state of Coions thermally activates to an intermediate state (IS,t52ge1g, S = 1) or high-spin state (HS, t42ge2g , S = 2).However the spin transition is incomplete up to 500 K,where insulator-metal transition takes place [1].In the hole-doped cobaltites, La1�xAxCoO3, the ad-ditional Co4+ ion increases the complexity of the sys-tem as it can also appear with a variety of spin states.Among doped cobaltites, the system La1�xSrxCoO3 isthe most extensively investigated. A spin glass behaviorwas reported for 0:01 < x < 0:18 as well as a ferromag-netic long-range ordering that coincides with concentra-tion insulator-to-metal transition for x > 0:18 [6]. Simi-lar metallic ferromagnetic state was observed in barium-doped cobaltites with the barium content x > 0:2 [7 { 9].The nature of the ferromagnetic state in cobaltites hasbeen a subject of debates for a long time [10 { 12]. Threemain mechanisms were suggested for magnetic prop-erties of mixed-valence cobaltites: the superexchange1)e-mail: troyan@physics.by

model based on the localized electron interaction viaoxygen ion, the Zener double exchange via charge trans-fer and the itinerant electron ferromagnetism [10 { 12].The structural studies performed on the cubicoxygen-stoichiometric perovskite La0:5Ba0:5CoO3 haverevealed the onset of a long-range tetragonal phase ac-companying a para-ferromagnetic transition occurringat TC = 180K [13]. The tetragonal distortion has beendiscussed in terms of cooperative and static Jahn-Tellerdistortions of the CoO6 octahedra. It was assumedthat the Jahn-Teller e�ect is favored by the intermediatespin-state con�guration, of the Co3+(d6) and Co4+(d5)ions derived from the measured ferromagnetic moment-1.9�B per cobalt ion. However, the Sr-doped ferromag-netic cobaltites have approximately the same magneticmoment value and do not exhibit a structural transitionat the Curie point [14, 15]. Moreover the extended X-rayabsorption �ne structure (EXAFS) and neutron di�rac-tion studies do not reveal an appreciable local Jahn-Teller distortion in La1�xSrxCoO3 [16].Beside the alkaline earth doping there is another wayto manipulate the physical properties of the rare earthcobaltites. It was shown that the oxygen content in theLn and Ba ordered perovskite systems LnBaCo2Oy canbe varied in a wide range from y = 4:5 to y = 6 thatleads to a change of the average oxidation state of thecobalt ions from 2+ to 3.5+ [17 { 19]. The intermediateLnBaCo2O5:5 phase shows very interesting properties,such as metal-insulator transition, antiferromagnetic-ferromagnetic transition and the giant magnetoresis-tance e�ect [17 { 19]. The Curie point of LaBaCo2O5:5is the largest and reaches 326K [20]. The reduction of154 �¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011



The low-temperature macroscopic phase separation in La0:5Ba0:5CoO3�� cobaltite 155the oxygen content from y = 3 down to y = 2:25 hasbeen reported for La0:5Sr0:5CoOy perovskite [21]. Thisoxygen content corresponds to nominal Co2+ oxidativestate. Considering these reports we have decided to in-vestigate the e�ect of oxygen de�ciency on structuraland magnetic properties of La0:5Ba0:5CoO3�y cobaltite.In this paper we report on macroscopic reversible struc-tural phase separation into two di�erent pseudocubic an-tiferromagnetic and ferromagnetic phases. Oxygen mi-gration is involved into the phase separation mechanism.Ceramic samples of La0:5Ba0:5CoO3�� compositionswere prepared by a solid-state phase reaction methodusing high-purity BaCO3, La2O3 and CoO taken in sto-ichiometric ratio and thoroughly mixed with a plane-tary ball mill (RETSCH PM-100). The synthesis wasperformed at 1200 �C for 10 hours in air, followedby cooling at rate of 300 �C/h down to 400 �C. Syn-chrotron powder di�raction (SPD) experiments werecarried out at the Swiss Light Source synchrotron ofthe Paul Scherrer Institute using MS beamline (wave-length 0.49�A). The neutron powder di�raction (NPD)experiments were performed using a high-resolution dif-fractometer E9 at the Berlin Neutron Scattering Cen-ter (BENSC) of Helmholtz-Zentrum Berlin (HZB). Theneutron and X-ray powder di�raction data were ana-lyzed using the Rietveld method incorporated into theFullProf software package [22]. Magnetic propertieswere studied with a SQUID-magnetometer (MPMS-5,Quantum Design).Figure 1a presents the temperature dependence ofthe magnetization of the La0:5Ba0:5CoO3�� sample.Both �eld-cooled (FC) and zero �eld-cooled (ZFC) dataare presented: the �eld cooling was performed in amagnetic �eld of 100Oe. In the temperature range of160{170K the M(T ) dependencies exhibit a sharp dropin both the FC and ZFC magnetization con�rming atransition into paramagnetic state. The temperature on-set of the magnetic ordering (TC � 170K) is slightlylower than in stoichiometric La0:5Ba0:5CoO3 in whichthe ferromagnetic-paramagnetic transition occurs nearTC � 180K [13]. The ZFC magnetization has a non-monotonic behavior with a peak close to the temperatureat which FC magnetization starts to decrease. In thecobaltites the magnetization curve in low external �eldis governed by an anisotropy �eld [23] so the large di�er-ence between ZFC and FC may result from a large mag-netic anisotropy which enhances strongly at low temper-ature. The M(H) curves measured in magnetic �eldsup to 50 kOe at di�erent temperatures (Fig.1b) show amonotonic increase in magnetization as temperature de-creases. The estimated magnetic moment per Co ionis close to 1.1�B at liquid helium temperature. This
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Fig.1. Temperature dependences of the dc magnetization ina �eld of 100 Oe for La0:5Ba0:5CoO2:87. (a) ZFC curvesare shown as open symbols, whereas FC curves are shownas solid symbols; (b) Magnetization vs. magnetic �eld de-pendencesvalue is much lower compared with 1.9�B/Co reportedfor stoichiometric La0:5Ba0:5CoO3 [13].NPD patterns of La0:5Ba0:5CoO3�� were recordedat room temperature, 150, 120, 80 and 2K, and forclarity only two of them are displayed in Fig.2. The�rst pattern recorded at 300K is characteristic of thehigh-temperature structural state which extends downto � 200K as follows from the SPD study. At roomtemperature the Rietveld re�nement leads to a simplecubic cell ap � ap � ap with the space group Pm�3m(global �2 = 1:76). The observed, calculated and di�er-ence patterns of this sample recorded at 300K are dis-played in Fig.2. Alternatively, the experimental patterncan be re�ned using tetragonal space group P4=mmm;rhombohedral space group R�3c or orthorhombic Pnmabut without signi�cant increase in the quality of the �t.Thus, according to the Rietveld re�nement we keep themodel with the highest symmetry. The re�ned value ofthe oxygen content is 2.87 which is signi�cantly belowthe stoichiometric value. The Pm�3m crystallographic�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011 3�
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Fig.2. Neutron powder di�raction data collected fromLa0:5Ba0:5CoO2:87 at 2 and 300 K. Solid arrows mark dif-fraction peaks due to simple G-type antiferromagnetic or-der. The points and the line refer to measurements andcalculation including ferromagnetic and antiferromagneticcontributions, the bottom line represents their di�erence.Data are re�ned in space group Pm�3m for both structuralphasesstructure means that both La and Ba ions as well asoxygen vacancies are distributed statistically over lat-tice. At 150K we have noticed an asymmetric broaden-ing of all the peaks which develops strongly upon cool-ing to 120K. For the patterns recorded at 80 and 2K weclearly observed a splitting of all the peaks at 2� > 60�and an appearance of new small peaks strongly sepa-rated from the basic peaks described with Pm�3m spacegroup.SPD experiments were performed in order to clarifya reason for NPD peaks splitting and appearance of thenew peaks. The SPD spectra were recorded at every 5Kfrom 4K up to room temperature using the same sam-ple as for the NPD study. Parts of the selected spectraare presented in Fig.3 which reveals that the sample inthe low-temperature state consists of two phases with

T = 4 K

T = 4 K

0

20

40

80

60

100

5 3525 4515
2 (deg)q

In
te

ns
it

y 
 (

ar
b.

 u
ni

ts
)

120 K

200 K

31.0 31.5 32.0 32.5 33.0

Fig.3. Synchrotron di�raction patterns ofLa0:5Ba0:5CoO2:87. The points and the line refer tomeasurements and calculation; the bottom line representstheir di�erence. Data are re�ned in space group Pm�3mfor both structural phases. The inset shows the magni�edparts of the patterns at selected temperaturesdi�erent parameters of the unit cell. The volume ra-tio between the two phases at 2K is approximately 1:2where the major phase is closer to the high-temperaturestructural state. The amount of the minor phase, whichhas a larger unit cell decreases gradually upon warm-ing up, and disappears completely above 200K wherethe sample consists of one cubic phase. In contrast withNPD study we did not observe additional di�ractionpeaks associated with deviation from cubic symmetryof both low temperature phases, suggesting that addi-tional peaks observed at low temperature in NPD pat-terns result from magnetic ordering. We suggest thatboth phases have a cubic unit cell at low temperaturewhich can be described with Pm�3m space group. TheRietveld re�nement in this model gave a satisfactory �tfor the SPD pattern recorded at 4K (Fig.3). The tem-perature behavior of the cubic unit cell parameters forboth phases is presented in Fig.4. In the temperaturerange where two phases coexist the unit cell parametersof both phases slightly increase with temperature. Thereis no evidence for intermediate state between phases withclose unit cell parameters.The Rietveld re�nement of the NPD spectra acquiredat 2K in the two cubic phase model leads to satisfac-tory description of basic structural peaks for both thestructural phases. The �t was further improved by tak-ing into account magnetic neutron scattering. The addi-tional peaks appearing at low temperature can be wellindexed in 2ap � 2ap � 2ap supercell where ap is unitcell parameter for the minor phase with larger unit cellparameter. This means that the magnetic structure as-sociated with the minor phase is G-type antiferromag-�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011
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Fig.4. Temperature dependence of the unit cell parametersfor La0:5Ba0:5CoO2:87netic. The calculated magnetic moment for this phaseis �2.1�B/Co. The major phase is ferromagnetic withmagnetic moment about 1.6�B/Co. The oxygen con-tent of the minor phase was roughly estimated as 2.75whereas for the major phase it was close to 2.92 fromRietveld re�nement of 2K neutron powder di�ractiondata (global �2 = 1:68). This means that the oxygendi�usion is involved in phase separation phenomen. Re-distribution of the oxygen ions leads to the appearance ofboth oxygen-rich ferromagnetic phase and oxygen-poorantiferromagnetic one. One can suggest that the realsymmetry of both antiferromagnetic and ferromagneticphase is lower than a cubic however we did not observecorresponding NPD and SPD peaks splitting.It is worth noting that the oxygen content of theantiferromagnetic phase is close to that for the double-layered perovskite LaBaCo2O5:5 [20]. In this compound,La and Ba ions are ordered forming alternative layerswith only one type of ions, and the oxygen vacanciesare ordered as well. In accordance with NPD study [20]the magnetic structure is antiferromagnetic G-type, sim-ilarly to that of disordered La0:5Ba0:5CoO2:75. However,the Neel point is much higher than that for disorderedphase. The high Neel point of the ordered phase is as-sociated with optimal geometry of negative and positivemagnetic interactions. The contention between positiveand negative interactions leads to stabilization of non-collinear magnetic structure and appearance of a spon-taneous magnetization [19, 24]. Both La0:5Ba0:5CoO2:75and LaBaCo2O5:5 contain one half of Co ions in CoO5pyramids and another half in CoO6 octahedra. The elec-tron con�guration of Co ions located in the pyramidsagrees with the high-spin state whereas for Co ions inthe octahedral sites the low-spin state seems to be dom-inant [25]. The calculated magnetic moment for the an-

tiferromagnetic La0:5Ba0:5CoO2:75 phase seems to agreewith this suggestion. For Co3+ (HS) ion the expectedmagnetic moment value is between 3 and 4�B [24, 25]whereas the observed one is 2.1�B , thus suggestingsmaller magnetic moment in the octahedra. In layeredperovskites, every Co3+ ion in the high-spin state in-teracts antiferromagnetically with three Co3+ (HS) andferromagnetically with one Co3+ (HS) in the absence ofa common oxygen bridge. There are only two Co3+ (LS)nearest neighbors. Another situation is realized in dis-ordered La0:5Ba0:5CoO2:75 where Co3+ (HS) interactsonly with three Co3+ (HS) on average, and the posi-tive and negative interactions are equally probable. Inthis case there are three Co3+ (LS) nearest neighborson average. The larger concentration of the Co3+ (LS)nearest neighbors favors the lower Neel point in com-parison with layered cobaltites. We suggest that theantiferromagnetic interactions are stronger and thus theantiferromagnetic structure is realized.It is worth noting that the phase separation inLa0:5Ba0:5CoO2:87 and tetragonal distortion in stoichio-metric La0:5Ba0:5CoO3 [13] have similar temperaturedependences. Both e�ects start to develop near theCurie point and increase gradually with cooling. Ap-parently magnetic interactions play important role inthe observed phase separation. Another factor seemsto be important for phase separation is large unit cellvolume of La0:5Ba0:5CoO2:87 in comparison with Sr-doped cobaltites; this favors stabilization of the Jahn-Teller-active intermediate spin state in the octahedra.The metallic-like character of the ferromagnetic phasein cobaltites should be taken into account also. The ob-served macroscopic phase separation in the cobaltitescan be compared with macroscopic phase separationinto insulating antiferromagnetic and superconductingphases in La2CuO4+� [26, 27]. It was suggested [27] thatcuprates can exhibit phase separation for two relatedreasons: the onset of antiferromagnetic correlations andthe onset of Mott insulating gap. In La2CuO4+� themacroscopic phase separation is made possible by themobility of the interstitial oxygen dopants which followthe holes and maintain charge neutrality. In La2CuO4+�the interstitial oxygen is mobile down to 170K whereasin La0:5Ba0:5CoO2:87 phase separation occurs at muchlower temperatures due to very large mobility of the oxy-gen vacancies in cobaltites. The nanoscale phase separa-tion into ferromagnetic and paramagnetic clusters havebeen observed in the lightly doped cobaltites [28]. How-ever these compounds are stoichiometric, so macroscopicphase separation is not realized.In conclusion, high-resolution neutron and syn-chrotron powder di�raction studies of the non-�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011
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