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EFFECT OF Eu DOPING AND PARTIAL OXYGEN ISOTOPESUBSTITUTION ON MAGNETIC PHASE TRANSITIONSIN (Pr1�yEuy)0:7Ca0:3CoO3 COBALTITESN. A. Babushkina a*, A. N. Taldenkov a, S. V. Streltsov b;, A. V. Kalinov d,T. G. Kuzmova e, A. A. Kamenev e, A. R. Kaul e, D. I. Khomskii f , K. I. Kugel gaNational Researh Center �Kurhatov Institute�123182, Mosow, RussiabInstitute of Metal Physis, Ural Branh, Russian Aademy of Sienes620990, Ekaterinburg, RussiaUral Federal University620002, Ekaterinburg, RussiadAll-Russian Eletrial Engineering Institute111250, Mosow, RussiaeDepartment of Chemistry, Mosow State University119991, Mosow, Russiaf II. Physikalishes Institut, Universität zu Köln50937, Köln, GermanygInstitute for Theoretial and Applied Eletrodynamis, Russian Aademy of Sienes125412, Mosow, RussiaReeived May 22, 2013We study experimentally and theoretially the e�et of Eu doping and partial oxygen isotope substitution on thetransport and magneti harateristis and spin-state transitions in (Pr1�yEuy)0:7Ca0:3CoO3 obaltites. TheEu doping level y is hosen in the range of the phase diagram near the rossover between the ferromagnetiand spin-state transitions (0:10 < y < 0:20). We prepared a series of samples with di�erent degrees of enrih-ment by the heavy oxygen isotope 18O, namely, with 90%, 67%, 43%, 17%, and 0% of 18O. Based on themeasurements of the a magneti suseptibility �(T ) and eletrial resistivity �(T ), we analyze the evolutionof the sample properties with the hange of the Eu and 18O ontent. It is demonstrated that the e�et ofinreasing the 18O ontent on the system is similar to that of inreasing the Eu ontent. The band struturealulations of the energy gap between t2g and eg bands inluding the renormalization of this gap due to theeletron�phonon interation reveals the physial mehanisms underlying this similarity.DOI: 10.7868/S00444510140201141. INTRODUCTIONMost magneti oxides are haraterized by a stronginterplay of eletron, lattie, and spin degrees of free-dom giving rise to multiple phase transitions and di�er-ent types of ordering. The phase transitions are oftenaompanied by the formation of di�erent inhomoge-*E-mail:babushkina�NA�nrki.ru

neous states. In suh a situation, the oxygen isotopesubstitution provides a unique tool for investigating in-homogeneous states in magneti oxides, whih allowsstudying the evolution of their properties in a widerange of the phase diagram. Sometimes, espeially if asystem is lose to the rossover between di�erent states(usually leading to phase separation), the isotope sub-stitution an lead to signi�ant hanges in the groundstate of the system [1℄.306



ÆÝÒÔ, òîì 145, âûï. 2, 2014 E�et of Eu doping and partial oxygen : : :A good example of suh phenomena is providedby obaltites. These perovskite obalt oxides haveattrated speial interest owing to the possibilityof the spin-state transitions (SST) for Co ions in-dued by temperature or doping [2�8℄ and the re-lated phase separation phenomena [9�16℄. The e�etof 16O !18O isotope substitution on the properties of(Pr1�yEuy)0:7Ca0:3CoO3 obaltites (0:12 < y < 0:26)was studied previously in our paper [17℄. It was foundthat with inreasing the Eu ontent, the ground stateof the ompound hanges from a �nearly metalli� fer-romagnet (ferromagneti metalli lusters embeddedinto an insulating host) to a �weakly magneti insu-lator� at y < yr � 0:18, regardless of the isotopeontent. A pronouned SST was observed in the in-sulating phase (in samples with y > yr), whereas inthe nearly metalli phase (at y < yr), the magnetiproperties were quite di�erent, without any indiationsof a temperature-indued SST. Using the magneti,eletrial, and thermal data, we onstruted the phasediagram for this material. The harateristi featureof this phase diagram is a broad rossover range nearyr orresponding to a ompetition of the phases men-tioned above. The 16O!18O substitution gives rise toan inrease in the SST temperature TSS and to a slightderease in the ferromagneti (FM) transition temper-ature TFM .However, a number of problems important for un-derstanding the physis of systems with spin-state tran-sitions have not been onsidered in the study reportedin Ref. [17℄. The most important question is the rela-tion between the hanges aused by varying the om-position (inrease of the onentration y of the smallerrare-earth ions Eu) and by isotope substitution, and thephysial mehanism underlying these hanges. Fromthe phase diagram obtained in Ref. [17℄ and in this pa-per, we see that there exists some orrelation betweenthese hanges, but the situation is not so simple: in theright part of the phase diagram, the SST temperatureinreases both with the inrease in the Eu ontent yand with the inrease in the isotope mass (in passingfrom 16O to 18O). At the same time, in the left partof this phase diagram, the e�et of inreasing the Euontent and of inreasing the oxygen mass on the phasetransition (whih is then the transition to a nearly fer-romagneti state) is just the opposite: an inrease inthe Eu ontent leads to a derease in TFM , but theinrease in oxygen mass, to the inrease in TFM .Another important open question onerns the be-havior of separate phases in the regime of phase sepa-ration. There are many di�erent orrelated systems inwhih phase separation was deteted in some range of

ompositions, temperatures, external �elds, et. Typi-ally, the measured transition temperatures in this asehanges, e. g., with doping. But it often remains un-lear whether this hange is the e�et ourring in sep-arate regions of di�erent phases or is just the result ofaveraging over the inhomogeneous system. To answerthese questions, we now arried out a detailed studyof the behavior of (PrEu)CoO3 using the possibility of�ne tuning the properties of the system by partial iso-tope substitution. This partial substitution plays ine�et the role similar to that of doping, external pres-sure, et. The obtained results establish the possibilityof �resaling� the hanges in the system with dopingand with isotope substitution and allow us to larifythe questions formulated above.As regards the seond question formulated above,just the possibility of �ne tuning the properties ofthe system inside the region of phase separation, pro-vided by partial isotope substitution, allows study-ing the behavior of di�erent phases within this phase-separated regime individually whih would be very dif-�ult to ahieve by other means. Our results obtainedin this way demonstrate that not only the average rit-ial temperatures hange with doping and with iso-tope substitution but also �individual� transition tem-peratures (the ferromagneti transition temperature inmore metalli regions and the SST temperature in moreinsulating parts of the sample) do hange with thehemial and isotope omposition.As regards the main, �rst question formulatedabove, about the mehanisms governing the hangeof properties of the system with hemial and isotopeomposition, the experimental �ndings reported in thispaper allow us to formulate a realisti theoretial modellarifying the mehanisms underlying the pronounedisotope e�ets in obaltites exhibiting SSTs. The the-oretial analysis demonstrates that the main fator isthe hange of the e�etive bandwidth with the hangeof both hemial and isotope omposition. The oppo-site trends in two parts of the phase diagram mentionedabove �nd a natural explanation in this piture.To analyze the e�ets of partial oxygen isotopesubstitution for doped obaltites in the rossover re-gion of the phase diagram, we have prepared a se-ries of oxide materials with a nearly ontinuous tuningof their harateristis. This allows traing the evo-lution of the relative ontent of di�erent phases as afuntion of the ratio 18O/16O of the ontents of oxy-gen isotopes. We note that there were only a few in-vestigations of this kind, one of whih we undertookearlier for (La1�yPry)0:7Ca0:3MnO3 manganites [18℄.Here, the pronouned isotope e�et manifesting itself in307 8*



N. A. Babushkina, A. N. Taldenkov, S. V. Streltsov et al. ÆÝÒÔ, òîì 145, âûï. 2, 2014(Pr1�yEuy)0:7Ca0:3CoO3 obaltites indeed provides uswith a unique possibility to address the problems dis-ussed above through the use of partial oxygen isotopesubstitution. 2. EXPERIMENTALPolyrystalline (Pr1�yEuy)0:7Ca0:3CoO3 sampleswere prepared by the hemial homogenization (�pa-per synthesis�) method [19℄ through the use of thefollowing operations. At �rst, nononentrated wa-ter solutions of metal nitrates Pr(NO3)3, Eu(NO3)3,Ca(NO3)2, and Co(NO3)2 of 99.95% purity were pre-pared. The exat onentration of dissolved hemialswas established by gravimetri titration and, in the aseof Co-based solution, by means of potentiometri titra-tion. The weighted amounts of metal nitrate solutionswere mixed in the stoihiometri ratio and the alu-lated mixture of nitrates was dropped onto ash-free pa-per �lters. The �lters were dried out at about 80 ÆCand the proedure of the solution dropping was per-formed repeatedly. Then, the �lters were burned outand the remaining ash was thoroughly ground. It wasannealed at 800 ÆC for 2 h to remove arbon. The pow-der obtained was pressed into the pellets and sinteredat 1000 ÆC in the oxygen atmosphere for 100 h. Finally,the samples were slowly ooled to room temperature byswithing o� the furnae.Samples were analyzed at room temperature bythe powder X-ray di�ration using Cu K� radiation.All detetable peaks were indexed by the Pnma spaegroup. Aording to the X-ray di�ration patterns,all (Pr1�yEuy)0:7Ca0:3CoO3 samples were obtained assingle-phase polyrystalline materials.We prepared a series of erami obaltite sampleswith the degrees of enrihment by 18O equal to 90%,67%, 43%, 17%, and 0%. These values were deter-mined by the hanges in the sample mass in the ourseof the isotope exhange and by the mass spetrome-try of the residual gas in the oxygen exhange ontour.The samples were annealed in the appropriate 16O�18Ogas mixture at 950 ÆC during 48 h at a total pressure of1 bar. The similarity of the oxygen isotope ompositionin the sample to that in the gas medium indiated thata thermodynami equilibrium was ahieved during an-nealing and, hene, the di�erene in the di�usion ratesof the oxygen isotopes did not signi�antly a�et the re-sults of the investigation. We also note that the mass ofa sample annealed in 16O2 remained unhanged withinthe experimental error during the prolonged heat treat-ment. Therefore, we an onlude that the annealing
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Fig. 1. Temperature dependene of the magneti sus-eptibility for (Pr1�yEuy)0:7Ca0:3CoO3 with y = 0:2.The range in the viinity of the SST is shown in the in-set in a larger sale. The dashed straight lines illustratedetermining the value of TSSproedure does not hange the oxygen stoihiometry inthe ompounds under study.The Eu doping of these samples was hosen to benear and at both sides of the rossover doping levelyr: a omposition with the high Eu ontent exhibitingthe SST, a low-Eu omposition orresponding to thenearly ferromagneti state, and the sample at the phaserossover, where both TSS and TFM were observed.We note that the set of samples desribed above wasspeially prepared for the present study. It turned outthat the data obtained for these samples di�er somehowfrom those reported in Ref. [17℄ (samples of set 1). Inpartiular, the values of the transition temperatures be-tween phases are di�erent for these two sets of samples.We thoroughly analyzed the possible auses of this dif-ferene. The samples of both sets prepared by the sametehnique do not di�er by X-ray di�ration data, havethe same oxygen stoihiometry, but the alium ontentin set 1 appeared to be lower than that orrespondingto the nominal omposition. At the same time, thesamples of set 2 orrespond with a high auray tothe hemial formula (Pr1�yEuy)0:7Ca0:3CoO3. As isdisussed below, this leads to some general shift of thephase diagram toward larger values of the average ioniradius hrAi (i. e., to the lower Eu ontent). Neverthe-less, the general form of the phase diagram remains thesame.For all samples, we measured the temperature de-pendene of the real �0(T ) and imaginary �00(T ) parts308



ÆÝÒÔ, òîì 145, âûï. 2, 2014 E�et of Eu doping and partial oxygen : : :of the a magneti suseptibility and eletrial resis-tivity �(T ). The resistivity measurements disussedbelow were taken on ooling the samples. The mea-surements of the a magneti suseptibility �(T ) wereperformed in an a magneti �eld with the frequeny667 Hz and an amplitude of about 5 Oe in the d mag-neti �eld of Earth. Based on these measurements,we were able to analyze the evolution of the sampleproperties with the hange in the Eu and 18O on-tent. To ahieve a better reliability, the isotope shifts�TFM = TFM (M)�TFM (16O) and�TSS = TSS(M)�� TSS(16O) (where M is the average atomi mass ofoxygen isotopes) were determined based on the susep-tibility data obtained both on ooling and on heating.Within the experimental error, we did not observe atemperature hysteresis in the viinity of the transitionto the ferromagneti phase, whereas near the SST, thehysteresis did not exeed 1 K. In the �gures in whatfollows, we present the �(T ) plots orresponding to theheating of the samples. The TFM transition temper-atures were determined from the minimum of the log-arithmi temperature derivative of the suseptibility.The TSS transition temperatures were determined bylinear approximation as demonstrated in Fig. 1. Al-though the ritial temperatures depend on the hosenmethod with whih they are determined, the isotopishift is nearly insensitive to the hoie of the determi-nation proedure. The resistivity of the samples wasmeasured by the onventional four-probe tehnique inthe temperature range from 4.2 K to 300 K. The valueof the metal�insulator transition temperature TMI anbe determined from the logarithmi derivative of R(T )(see the inset of Fig. 2).3. EXPERIMENTAL RESULTS1. For the samples with y > yr (the Eu ontenty = 0:20), the material orresponds to a �weakly mag-neti insulator�, in the notation used in Ref. [17℄. The�0(T ) urves give lear indiations of an SST at TSSmanifesting itself as a peak in �0(T ) (see Fig. 1). Wesee that TSS inreases with the 18O ontent. The high-temperature phase is a paramagnet and a relativelygood ondutor (see Fig. 2).The low-spin (LS) insulating phase is dominant be-low the rossover temperature of about 100 K. Theinrease in �0 at low temperatures is most probablyaused by an inomplete transition, after whih theremay remain small magneti (and presumably more on-duting) lusters immersed into the LS state bulk in-sulator. As a result of this rossover to an LS state,
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ÆÝÒÔ, òîì 145, âûï. 2, 2014 E�et of Eu doping and partial oxygen : : :tent to y = 0:10, the MI peuliarity in the resistaneis suppressed. Suh behavior of R(T ) for samples withy = 0:10 an be ompared with that for y = 0:14 sam-ples (see Fig. 5 and the inset of that �gure). The re-sistivity for samples with y = 0:10 orresponds to amore smooth urve than for samples with y = 0:14,although the regular ourse of the temperature depen-dene remains nearly unhanged. Thus, the sampleswith y = 0:10 do not beome truly metalli, but theirbehavior di�ers from the behavior of the samples withy = 0:14 (they do not exhibit indiations of an SST).Therefore, we argue that in the phase diagram, theomposition with y = 0:10 lies outside the rossover re-gion, on the left-hand side of it. The isotope onstantis �FM = (0:23� 0:1).We note here that for suh a ompliated system,there is no genuinely aurate method for determiningthermodynami values of the transition temperaturesTSS and, espeially, TFM . Probably, the losest to theatual value is the onset temperature of the transition(T �). The value of T � an be determined by di�erentmethods, but as we have already mentioned in Se. 2,the isotope shift of the transition temperature is nearlyinsensitive to the de�nition of T �. Therefore, in Figs. 3,6, and 10, we show only the isotope shifts of the tran-sition temperatures and not the temperatures them-selves.4. DISCUSSION OF EXPERIMENTALRESULTSThe obtained data for the temperatures of the phasetransitions an be represented in the form of a phasediagram (Fig. 12). It illustrates that as the Eu on-tent inreases, the system transforms from the nearlymetalli ferromagnet to the LS insulating state, under-going LS! IS spin-state transitions1). Between thesestates, we have a broad rossover region orrespondingto phase separation. Indeed, the simultaneous observa-tion of both TFM and TSS in the samples with the Euontent y = 0:14, 0.16 is a lear evidene of the phaseseparation in the system.These samples also provide a spetaular illustra-tion of the e�et related to the variable ontent of18O. In partiular, for the samples with y = 0:16, thetemperature dependene of the magneti suseptibility(Fig. 4) exhibits a pronouned feature orresponding to1) As follows e. g. from the results of Ref. [16℄, the magnetistates of Co ions generated by doping are most probably IS states.For the following treatment, however, it is not ritial whetherwe deal with the IS or HS states.
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Fig. 12. Phase diagram of the(Pr1�yEuy)0:7Ca0:3CoO3 ompound with 16Oand 90% 18O. PM, FM, IS, and LS respetively standfor the paramagneti, ferromagneti, intermediate-spin, and low-spin state. The hathed area orrespondsto the phase-separated state (PS)the SST at high values of the 18O ontent. With de-reasing the 18O ontent, this feature beomes weakerand disappears below 17% of 18O. Hene, we see thatthe hange in the average oxygen mass an drastiallya�et the phase omposition of the obaltite samples.The oxygen isotope substitution 16O !18O shiftsthe phase equilibrium toward the insulating state. Forthe heavier isotope, the SST temperature TSS in-reases, while the ferromagneti transition temperatureTFM dereases. Varying the average oxygen mass is aunique tool for investigating speial properties of phaseseparation in obaltites near the rossover between theFM and LS phases. We also see that the e�et of in-reasing the 18O ontent on the system is similar tothat of inreasing the Eu ontent.We emphasize that the general struture of thephase diagram shown in Fig. 12 is similar to that re-ported in Ref. [17℄. The partial oxygen isotope substi-tution allows a muh more detailed study of the evolu-tion of the state of doped perovskite obaltites in themost interesting region orresponding to phase separa-tion. This is exatly the main objetive of our work,whih ould not be signi�antly a�eted by the di�er-ene in the omposition of two sets of samples.The analysis of these results for di�erent hemialand isotope ompositions demonstrates that the e�etof the inrease in the Eu ontent y and of the averageoxygen mass are qualitatively similar. We an resalethe dependene of the transition temperature on bothparameters using the ombined variable y + 0:015x for313
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Fig. 13. Plots illustrating the ombined e�et of Eu and 18O doping on the SST temperature of TSS and on the ferromagnetitransition temperature TFM . Note the di�erene of the temperature sales in panels (a) and (b )TSS or y + 0:01x for TFM , where x is the relative on-tent of 18O, as shown in Fig. 13. The temperatures ofboth the SS and FM transitions depend almost linearlyon this ombined variable. We see that the hange inEu ontent by 1% is equivalent to the hange in theisotope ontent by 70�100%. This is atually the mostimportant result of the present study. The theoretialanalysis of these results is given in the next setions.5. CALCULATION DETAILSTo explain the omposition and isotope dependeneof the properties of our system (see Fig. 12), espeiallythe similar dependene of the SST temperature andthe FM transition temperature illustrated in Fig. 13,we propose a realisti model (Setion 7) based predom-inantly on the hange of the eletron bandwidth withthe hemial and isotope omposition. Some input, aswell as the estimates of relevant parameters are takenfrom the ab initio band-struture alulations for thelimiting �pure� ompositions orresponding to y = 0(PrCoO3) and y = 1 (EuCoO3).The rystal struture of PrCoO3 obtained inRef. [20℄ for T = 300 K was used in those alulations.For EuCoO3, the lattie parameters were taken fromRef. [21℄. The exat atomi positions for EuCoO3 areunknown, and we therefore used the same positionsas for PrCoO3 (with the orret unit ell volume forEuCoO3). The splitting between di�erent one-eletronenergy levels �CF was alulated within the loaldensity approximation (LDA) in the framework ofthe method of linear mu�n-tin orbitals (LMTO) [22℄.

Partially �lled but physially unimportant 4f states ofthe Eu and Pr were treated as frozen [23℄.The Brillouin-zone (BZ) integration in the ourse ofself-onsisteny iterations was performed over a meshof 144 k-points in the irreduible part of the BZ.6. DOPING DEPENDENCE: LDA RESULTSThere are di�erent ways to estimate the SST tem-perature with the use of the band-struture alulation.The most diret way is to alulate the total energiesof di�erent spin states [24; 25℄. However, in the aseof a doped system, this would require very large su-perells. Moreover, urrently, we have no single om-monly aepted model that an explain all experimen-tal fats. Various ombinations of a stati or dynamiorder of the di�erent spin states are disussed in theliterature [23; 26�29℄. This is the reason why we hosean alternative approah.The energy of any of the spin states depends ontwo important parameters: the single-eletron energydi�erene �CFS between the highest t2g and the low-est eg levels, and the intra-atomi Hund's rule exhangeoupling JH . The Hund's rule energy JH is an atomiharateristi and does not hange appreiably eitherwith the Eu doping or with the isotope substitution.Hene, to investigate the dependene of the SST tem-perature on the doping or isotope substitution in the�rst approximation, we an fous on the study of thesingle parameter, �CFS . If �CFS is large enough(�CFS > 2JH), it is energetially favorable to loal-ize all eletrons in the low-lying t2g subshell of Co3+,314
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Fig. 14. The total and partial densities of states (DOS)for PrCoO3. The Fermi energy orresponds to zeroi. e., the system is in the LS state. With a derease inthe rystal-�eld splitting, some eletrons an be trans-ferred to the eg subshell, whih allows the system togain the exhange energy, beause there are more ele-trons with the same spin. As we show below, both theisotope substitution and the doping an be related tothe rystal-�eld splitting.To estimate �CFS , we used the Wannier funtionprojetion proedure proposed in Ref. [30℄, whih al-lows projeting the full-orbital band Hamiltonian ontothe subspae of a few states (�ve d states of Co). Withthe Fourier transformation, we obtain the Hamiltonianin real spae, from whih the splitting between t2g andeg an be easily alulated. For PrCoO3, we obtain�CFS = 2:07 eV.The total and partial densities of states (DOS) ob-tained for PrCoO3 in the LDA alulations are pre-sented in Fig. 14. In the otahedral symmetry, the 3dstates of Co are split into t2g and eg subbands. In theLDA, the valene band is mostly formed by the Co-t2gstates, while the ondution band is determined by theCo-eg states. The O-2p band is loated in the energy

range from �7 to �1:5 eV.The DOS for EuCoO3 is qualitatively very similarand the orresponding alulations of �CFS result inthe value of 2.14 eV. The inrease in the t2g�eg exi-tation energy in passing from PrCoO3 to EuCoO3 isaused by two fators. The �rst is the lanthanide on-tration: the substitution of the large Pr3+ by smallerEu3+ ions leads to some derease in the Co�O distaneand to the orresponding inrease in the p�d hybridiza-tion, whih leads to an inrease in the di�erene be-tween the enters of the t2g and eg bands. The seonde�et is related to the derease in the e�etive widthsof t2g and eg energy bands with the orresponding in-rease in the energy gap between them. This narrowingof energy bands in passing from PrCoO3 to EuCoO3 isalso related, in e�et, to the lanthanide ontration,whih is the ause of the tilting of CoO6 otahedra toinrease and the Co�O�Co angle and the orrespond-ing bandwidth to derease in passing from PrCoO3 toEuCoO3. Both these e�ets eventually lead to the in-rease in �CFS with the Eu ontent, whih leads to theenhaned stabilization of the LS state of Co3+ (see amore detailed disussion of these e�ets in Se. 7).This hange of the rystal-�eld splitting (CFS) re-sults in the modi�ation of the SST temperature, sinethis transition is due to the ompetition of the Hund'srule exhange oupling JH and the CFS [23℄.It was found in Refs. [17℄ and [31℄ (also seeFig. 12) that the hange of the Eu ontent y in(Pr1�yEuy)0:7Ca0:3CoO3 by 0.02 leads to the hangeof the SST temperature by about 14 K. In the �rstapproximation, it is possible to neglet the preseneof Ca and interpolate the hange of the CFS for theomplex system like (Pr1�yEuy)0:7Ca0:3CoO3 using theCFS values for y = 1 (PrCoO3) and y = 0 (EuCoO3).Indeed, the substitution of Ca for Eu3+/Pr3+ gives riseto ligand holes, whih manifest themselves mainly inthe rigid shift of the O-2p band upward, resulting in aslight inrease of the CFS. Suh a linear interpolationpredits the hange of the SST temperature by 16 K ify hanges by 0.02, whih is in exellent agreement withthe experiment.7. ISOTOPE SUBSTITUTION: MODELRESULTSThe isotope substitution does not hange the hem-ial properties of ions suh as the oxidation numbers orbonding energies. However, it a�ets the rystal lattievia a modi�ation of the phonon spetra. Below, fol-lowing the approah in Ref. [32℄, we demonstrate the315



N. A. Babushkina, A. N. Taldenkov, S. V. Streltsov et al. ÆÝÒÔ, òîì 145, âûï. 2, 2014e�et of this modi�ation on the eletroni and mag-neti properties and hene on the SST.In the tight-binding model, the band spetrum ofa solid is determined by the on-site ioni energy levels"nlmi and the hopping matrix elements between di�er-ent sites tll0;mm0ij . The ioni energies "nlmi are obvi-ously independent of the mass of the ions, being deter-mined by the quantum numbers and the intra-atomiCoulomb and exhange interations. The hopping pa-rameters depend on the type of the orbitals (s; p; d; f),the bonding type (�; �; Æ), and the distane betweenions u. Aording to the famous Harrison parameteri-zation [33; 34℄ in the absene of lattie vibrations, thehopping integrals, e. g., between p orbitals of the oxy-gen and transition metal d-orbitals equal totpd = Cpdm=u4; (1)where oe�ients Cpdm depend on the bonding typeand an be di�erent for di�erent metals and lig-ands [33; 35℄.The stati version of Eq. (1) an be generalized bytaking the presene of lattie vibrations, i. e., phononsinto aount, whih depend on the ion masses. Themean pd hopping matrix element an be alulated ashtpdi = 12v u0+vZu0�v Cpdmu4 du == Cpdm6v � 1(u0 � v)3 � 1(u0 + v)3� ; (2)where v = phÆu2i is the mean square displaementfrom the equilibrium position u0 due to phonons. Sinev=u0 � 1, we an simplify the last equation by expand-ing it in a series to the 4th orderhtpdi = Cpdmu40  1 + 103 � vu0�2!+O � vu0�4! : (3)In the stati limit v ! 0, the last formula oinideswith Eq. (1).In the Debye model at zero temperature, the mean-square displaement is written as [36℄v2 = hÆu2i = 9~24kB�D 1m; (4)where m is the mass of vibrating ions and �D is theDebye temperature. Due to di�erent masses, the me-an-square displaements in the ompounds enrihed by16O or 18O are di�erent. The Debye temperature fora very similar system, LaCoO3, was found to be about

a

bu0 + v(16O)t0
u0 uE

0 0:5 1:0Relative ontent of 18O
�eff (16O) �eff (18O)t2g band

eg bandWeff(16O) Weff (18O)

t eff(16 O) t eff(18 O)
u 0�v(16 O) u 0�v(18 O) u 0+v(18 O)

Fig. 15. Shemati illustration of the e�ets of oxy-gen isotope substitution (a) on the e�etive hoppingintegral teff and (b ) on the e�etive gap �eff be-tween the eg and t2g bands and on the e�etivewidth Weff of the eg band. The solid urve in panel(a) depits the hopping integral t as funtion of theinter-ion distane u aording to Eq. (1). The ef-fetive hopping integrals teff are determined by av-eraging t(u) over the interval given by the mean-square displaement v of ions due to lattie vibrations(4) (rudely, teff = 1=2[t(u0 + v) + t(u0 � v)℄ foreah isotope). We see that teff(16O)> teff (18O).As a result, �eff (18O)> �eff (16O), and heneTSS(18O)> TSS(16O). At the same time,Weff (18O)<< Weff (16O), and hene TFM (18O)< TFM (18O)600 K [37℄. We an use this value to estimate v in(Pr1�yEuy)0:7Ca0:3CoO3. Then, the mean-square dis-plaement is v18 = 0:100Å for 18O and v16 = 0:107Åfor 16O. Aording to Eq. (3), this leads to a dereasein the e�etive bandwidth in passing from 16O to 18O.A qualitative explanation of this e�et is presented inFig. 15a. For strong eletron�phonon oupling, thesame e�et ould be attributed to the polaron-bandnarrowing depending on the isotope mass.316



ÆÝÒÔ, òîì 145, âûï. 2, 2014 E�et of Eu doping and partial oxygen : : :The SST temperature depends on the energy di�er-ene between the t2g and eg subbands, whih is de�nedby the widths of orresponding bands and the posi-tions of their enters. We start with the study of thebandwidth dependene on the ligand ion mass (see theshemati illustration in Fig. 15b ).To alulate the hange in the bandwidth ausedby the 16O ! 18O substitution, we need to know thehopping integrals, whih depend on two unknown pa-rameters Cpdm and u0. The Cpdm oe�ients an inpriniple be evaluated as is presribed, for instane, inRef. [33℄. However, for a better preision, we alu-lated the Cpdm parameters from the LDA t2g and egbandwidths in pure PrCoO3. The equilibrium Co�Odistane u0 in its turn an be evaluated from the a-tual rystal struture data for EuCoO3 and PrCoO3.Finally, performing all these alulations, we obtainthat the t2g bandwidth dereases by 22 K when 16O isreplaed by 18O. The derease in the eg bandwidth istwo times larger and equals 44 K. In e�et, the min-imum energy of the t2g ! eg transition inreases by33 K. Hene, the SST temperature due to the hangeof the bandwidth must inrease similarly in passingfrom 16O to 18O in qualitative aordane with the ex-periment (we even overestimate the atually observedhanges; see Fig. 12).We onsider the seond mehanism that a�ets theSST and is related to the dependene of hanges inthe enters of gravity of the orresponding bands (i. e.,CFS) with the isotope substitution. It turns out thatthis e�et ounterats the �rst one (hange of the ef-fetive t2g and eg bandwidths), but this seond e�etis muh smaller numerially (see below). Generallyspeaking, there are two main ontributions to the CFS�CFS . One omes from the Coulomb interation of the3d eletrons with the negatively harged ligands, andthe other is due to the hybridization between d orbitalsof metal ions and p orbitals of the ligands [38; 39℄. Formost oxides of 3d transition metals, both terms at �inthe same diretion�, resulting in the same sequene oflevels [40℄. That is why the approahes so rude as theatomi sphere approximation (ASA) [41℄ often used inab initio alulations provide quite preise band stru-ture in most ases. The e�et of the Coulomb term anbe omitted or e�etively inorporated into the kinetienergy ontribution. Below, we follow the same strat-egy by onsidering the kineti energy only, keeping inthe mind that the Coulomb ontribution an be takeninto aount by the parameter renormalization.In the seond order of the perturbation theory, theCFS between t2g and eg subbands is written as

�CFS = t2pd� � t2pd��CT ; (5)where �CT is the harge-transfer energy (whih orre-sponds to the dnp6 ! dn+1p5 transition) and tpd� andtpd� are the hopping matrix elements for di�erent typesof bonds.Beause the average hopping htpdi dereases in pass-ing from 16O to 18O aording to Eqs. (3) and (4), theCFS should also derease as follows from Eq. (5). Asa result, this ontribution should lead to the oppositetendeny: a derease in the SST temperature in goingfrom 16O to 18O. However, this e�et does not exeeda few kelvins at realisti values of the harge-transferenergy in obaltites [42℄.We also note that we here estimated the hanges inthe distane between the edges of t2g and eg subbands.However, at �nite temperatures, we must have tran-sitions not only between the band edge but also fromone subband to another. Suh a temperature-induedsmearing ould also somehow diminish our estimates ofthe isotope e�et in SST.In Fig. 13b, we see that the isotope e�et for TFM ,being muh weaker than for TSS , is of the opposite sign.Nevertheless, there is the same similarity between thee�ets of the Eu ontent and the oxygen isotope sub-stitution. This is in agreement with our expetations,beause the ferromagnetism of the low-Eu doped sam-ples with metalli lusters should be stabilized by thedouble-exhange mehanism, aording to whih TFMis proportional to the e�etive bandwidth of itineranteletrons. This bandwidth dereases for the heavier iso-tope, and that is why TFM dereases at the 16O !18Osubstitution as well as at inreasing the Eu ontent (seeFig. 13b ). A shemati illustration of the mehanismunderlying the oxygen isotope e�et disussed above isgiven in Fig. 15. 8. CONCLUSIONSExperimental studies arried out for(Pr1�yEuy)0:7Ca0:3CoO3 obaltites with the vary-ing isotope substitution of 16O by 18O demonstratedthat there exists a strong similarity in the hangesaused by the hemial omposition (inreasing theEu ontent) and those arising from the oxygen isotopesubstitution. The hemial omposition y � 0:1�0.2was hosen beause a rossover between the ferromag-neti near-metalli state with magneti Co ions to thenonmagneti insulator with the low-spin Co3+ (t62ge0g ,S = 0) ours in this range, see Fig. 12.317



N. A. Babushkina, A. N. Taldenkov, S. V. Streltsov et al. ÆÝÒÔ, òîì 145, âûï. 2, 2014The main experimental onlusion presented inFig. 13 is that the behavior of this system an beresaled. The dependene of the SST temperature andof the ferromagneti transition temperature on the Euontent y and on the ontent x of the heavier iso-tope 18O an be represented by the same almost linearplot as a funtion of the respetive ombined variablesy + 0:015x and y + 0:01x. This means, for example,that under the SST, the hange of the Eu ontent y by0.007 is equivalent to the substitution of 50% of 16Oby 18O. In addition, this learly demonstrates that notonly the average transition temperatures hange withthe doping and isotope substitution, but also the tran-sition temperatures for eah separate phase vary withthe hemial and isotope omposition.Based on this similarity between the role of hemialand isotope omposition for the SST and for the tran-sition to the ferromagneti state at a lower Eu ontent,we propose a theoretial explanation of the isotopee�et in these transitions. We investigate the orre-sponding hanges and estimate the relevant parametersusing ab initio band struture alulations. These re-sults together with an analyti model allow explainingthe observed behavior. In partiular, the isotope e�etboth in the spin-state and ferromagneti transitions isinterpreted in terms of the hange in the orrespondingwidths of the d bands ourring due to the eletron�phonon renormalization, whih depends on the atomimasses of the respetive isotopes.All this demonstrates one again that the oxygenisotope substitution is a powerful tool for revealingsalient features in the behavior of strongly orrelatedmagneti oxides.Summarizing, we an say that using this ap-proah, we established, �rst, that in the aforemen-tioned rossover range, we an learly distinguish twooexisting phases, a nearly insulating one exhibiting anSST and a nearly metalli �ferromagneti� one, withdi�erent behaviors of the transition temperatures. Se-ond, we have found that these transition temperaturesdepend almost linearly on the ontent of the heavy oxy-gen isotope, whih is a nontrivial observation learlydemonstrating that the eletroni struture an be ef-fetively ontrolled by isotopes. Third, based on theseobservations and using the parameters dedued fromour band-struture alulations, we put forward a sim-pli�ed model apturing the main physis of the isotopee�et in the systems with SSTs and quantitatively de-sribing the experimental data.This work is supported by the Russian Foun-dation for Basi Researh (projets 10-02-00598-a,
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