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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;
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tri
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al and Applied Ele
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s, Russian A
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es125412, Mos
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eived May 22, 2013We study experimentally and theoreti
ally the e�e
t of Eu doping and partial oxygen isotope substitution on thetransport and magneti
 
hara
teristi
s 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 ferromagneti
and spin-state transitions (0:10 < y < 0:20). We prepared a series of samples with di�erent degrees of enri
h-ment by the heavy oxygen isotope 18O, namely, with 90%, 67%, 43%, 17%, and 0% of 18O. Based on themeasurements of the a
 magneti
 sus
eptibility �(T ) and ele
tri
al resistivity �(T ), we analyze the evolutionof the sample properties with the 
hange of the Eu and 18O 
ontent. It is demonstrated that the e�e
t ofin
reasing the 18O 
ontent on the system is similar to that of in
reasing the Eu 
ontent. The band stru
ture
al
ulations of the energy gap between t2g and eg bands in
luding the renormalization of this gap due to theele
tron�phonon intera
tion reveals the physi
al me
hanisms underlying this similarity.DOI: 10.7868/S00444510140201141. INTRODUCTIONMost magneti
 oxides are 
hara
terized by a stronginterplay of ele
tron, latti
e, and spin degrees of free-dom giving rise to multiple phase transitions and di�er-ent types of ordering. The phase transitions are oftena

ompanied by the formation of di�erent inhomoge-*E-mail:babushkina�NA�nr
ki.ru

neous states. In su
h a situation, the oxygen isotopesubstitution provides a unique tool for investigating in-homogeneous states in magneti
 oxides, whi
h allowsstudying the evolution of their properties in a widerange of the phase diagram. Sometimes, espe
ially 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
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t of Eu doping and partial oxygen : : :A good example of su
h phenomena is providedby 
obaltites. These perovskite 
obalt oxides haveattra
ted spe
ial interest owing to the possibilityof the spin-state transitions (SST) for Co ions in-du
ed by temperature or doping [2�8℄ and the re-lated phase separation phenomena [9�16℄. The e�e
tof 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 in
reasing 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 < y
r � 0:18, regardless of the isotope
ontent. A pronoun
ed SST was observed in the in-sulating phase (in samples with y > y
r), whereas inthe nearly metalli
 phase (at y < y
r), the magneti
properties were quite di�erent, without any indi
ationsof a temperature-indu
ed SST. Using the magneti
,ele
tri
al, and thermal data, we 
onstru
ted the phasediagram for this material. The 
hara
teristi
 featureof this phase diagram is a broad 
rossover range neary
r 
orresponding to a 
ompetition of the phases men-tioned above. The 16O!18O substitution gives rise toan in
rease in the SST temperature TSS and to a slightde
rease in the ferromagneti
 (FM) transition temper-ature TFM .However, a number of problems important for un-derstanding the physi
s 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 (in
rease of the 
on
entration y of the smallerrare-earth ions Eu) and by isotope substitution, and thephysi
al me
hanism 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 temperaturein
reases both with the in
rease in the Eu 
ontent yand with the in
rease in the isotope mass (in passingfrom 16O to 18O). At the same time, in the left partof this phase diagram, the e�e
t of in
reasing the Eu
ontent and of in
reasing the oxygen mass on the phasetransition (whi
h is then the transition to a nearly fer-romagneti
 state) is just the opposite: an in
rease inthe Eu 
ontent leads to a de
rease in TFM , but thein
rease in oxygen mass, to the in
rease in TFM .Another important open question 
on
erns the be-havior of separate phases in the regime of phase sepa-ration. There are many di�erent 
orrelated systems inwhi
h phase separation was dete
ted in some range of


ompositions, temperatures, external �elds, et
. Typi-
ally, the measured transition temperatures in this 
ase
hanges, e. g., with doping. But it often remains un-
lear whether this 
hange is the e�e
t o

urring 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�e
t the role similar to that of doping, external pres-sure, et
. The obtained results establish the possibilityof �res
aling� the 
hanges in the system with dopingand with isotope substitution and allow us to 
larifythe questions formulated above.As regards the se
ond 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 whi
h would be very dif-�
ult to a
hieve by other means. Our results obtainedin this way demonstrate that not only the average 
rit-i
al 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 the
hemi
al and isotope 
omposition.As regards the main, �rst question formulatedabove, about the me
hanisms governing the 
hangeof properties of the system with 
hemi
al and isotope
omposition, the experimental �ndings reported in thispaper allow us to formulate a realisti
 theoreti
al model
larifying the me
hanisms underlying the pronoun
edisotope e�e
ts in 
obaltites exhibiting SSTs. The the-oreti
al analysis demonstrates that the main fa
tor isthe 
hange of the e�e
tive bandwidth with the 
hangeof both 
hemi
al and isotope 
omposition. The oppo-site trends in two parts of the phase diagram mentionedabove �nd a natural explanation in this pi
ture.To analyze the e�e
ts 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 
hara
teristi
s. This allows tra
ing the evo-lution of the relative 
ontent of di�erent phases as afun
tion 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 whi
h we undertookearlier for (La1�yPry)0:7Ca0:3MnO3 manganites [18℄.Here, the pronoun
ed isotope e�e
t manifesting itself in307 8*
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obaltites indeed provides uswith a unique possibility to address the problems dis-
ussed above through the use of partial oxygen isotopesubstitution. 2. EXPERIMENTALPoly
rystalline (Pr1�yEuy)0:7Ca0:3CoO3 sampleswere prepared by the 
hemi
al homogenization (�pa-per synthesis�) method [19℄ through the use of thefollowing operations. At �rst, non
on
entrated 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 exa
t 
on
entration of dissolved 
hemi
alswas 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 stoi
hiometri
 ratio and the 
al
u-lated mixture of nitrates was dropped onto ash-free pa-per �lters. The �lters were dried out at about 80 ÆCand the pro
edure 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 byswit
hing o� the furna
e.Samples were analyzed at room temperature bythe powder X-ray di�ra
tion using Cu K� radiation.All dete
table peaks were indexed by the Pnma spa
egroup. A

ording to the X-ray di�ra
tion patterns,all (Pr1�yEuy)0:7Ca0:3CoO3 samples were obtained assingle-phase poly
rystalline materials.We prepared a series of 
erami
 
obaltite sampleswith the degrees of enri
hment 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 ex
hange and by the mass spe
trome-try of the residual gas in the oxygen ex
hange 
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 indi
ated thata thermodynami
 equilibrium was a
hieved during an-nealing and, hen
e, the di�eren
e in the di�usion ratesof the oxygen isotopes did not signi�
antly a�e
t the re-sults of the investigation. We also note that the mass ofa sample annealed in 16O2 remained un
hanged withinthe experimental error during the prolonged heat treat-ment. Therefore, we 
an 
on
lude that the annealing
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Fig. 1. Temperature dependen
e of the magneti
 sus-
eptibility for (Pr1�yEuy)0:7Ca0:3CoO3 with y = 0:2.The range in the vi
inity of the SST is shown in the in-set in a larger s
ale. The dashed straight lines illustratedetermining the value of TSSpro
edure does not 
hange the oxygen stoi
hiometry inthe 
ompounds under study.The Eu doping of these samples was 
hosen to benear and at both sides of the 
rossover doping levely
r: a 
omposition with the high Eu 
ontent exhibitingthe SST, a low-Eu 
omposition 
orresponding to thenearly ferromagneti
 state, and the sample at the phase
rossover, where both TSS and TFM were observed.We note that the set of samples des
ribed above wasspe
ially 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). Inparti
ular, 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-feren
e. The samples of both sets prepared by the samete
hnique do not di�er by X-ray di�ra
tion data, havethe same oxygen stoi
hiometry, but the 
al
ium 
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 a

ura
y tothe 
hemi
al formula (Pr1�yEuy)0:7Ca0:3CoO3. As isdis
ussed below, this leads to some general shift of thephase diagram toward larger values of the average ioni
radius 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-penden
e of the real �0(T ) and imaginary �00(T ) parts308
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t of Eu doping and partial oxygen : : :of the a
 magneti
 sus
eptibility and ele
tri
al resis-tivity �(T ). The resistivity measurements dis
ussedbelow were taken on 
ooling the samples. The mea-surements of the a
 magneti
 sus
eptibility �(T ) wereperformed in an a
 magneti
 �eld with the frequen
y667 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 a
hieve 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 sus
ep-tibility data obtained both on 
ooling and on heating.Within the experimental error, we did not observe atemperature hysteresis in the vi
inity of the transitionto the ferromagneti
 phase, whereas near the SST, thehysteresis did not ex
eed 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 sus
eptibility.The TSS transition temperatures were determined bylinear approximation as demonstrated in Fig. 1. Al-though the 
riti
al temperatures depend on the 
hosenmethod with whi
h they are determined, the isotopi
shift is nearly insensitive to the 
hoi
e of the determi-nation pro
edure. The resistivity of the samples wasmeasured by the 
onventional four-probe te
hnique 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 > y
r (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 indi
ations of an SST at TSSmanifesting itself as a peak in �0(T ) (see Fig. 1). Wesee that TSS in
reases with the 18O 
ontent. The high-temperature phase is a paramagnet and a relativelygood 
ondu
tor (see Fig. 2).The low-spin (LS) insulating phase is dominant be-low the 
rossover temperature of about 100 K. Thein
rease in �0 at low temperatures is most probably
aused by an in
omplete transition, after whi
h theremay remain small magneti
 (and presumably more 
on-du
ting) 
lusters immersed into the LS state bulk in-sulator. As a result of this 
rossover to an LS state,
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60402086Fig. 2. Temperature dependen
e of the ele
tri
al resis-tivity for (Pr1�yEuy)0:7Ca0:3CoO3 with y = 0:2. Theinset shows the behavior of the logarithmi
 derivativeof R(T ) used to determine the values of TMIthe ele
tri
al resistan
e R in
reases by 10�12 orders ofmagnitude, whi
h 
an be treated as a metal�insulator(MI) transition (see Fig. 2). In these 
ompounds, themetal�insulator transition is a

ompanied (or 
aused)by the SST. We note that the studies of the oxygenisotope e�e
t are performed in most 
ases using low-density 
erami
 samples with open porosity. This givesrise to the granularity e�e
ts related to the existen
e ofthin spa
ers at the grain boundaries with the propertiessomehow di�erent from those of the grains themselves.In the magneti
 oxides under study, the phase sepa-ration 
oming from the 
ompetition between di�erentkinds of the ex
hange intera
tion also manifests itself.All these fa
tors lead to signi�
ant 
hanges in thetemperature dependen
e of ele
tri
al resistivity, su
hthat the temperature derivative of R remains nega-tive for the 
ompositions under study. Nevertheless,the 
hara
teristi
 features of R(T ), whi
h are observedin the vi
inity of the SST and are suppressed in the
omposition range 
orresponding to ferromagnetism,allow arguing that we see a manifestation of the metal�insulator transition in one of the phases.The 18O 
ontent does not produ
e a signi�-
ant e�e
t on R(T )=R(280 K) at low T , althoughR(T )=R(280 K) is slightly larger in the samples withheavy oxygen. The mass dependen
e of TMI 
orre-lates well with the isotopi
 shift of TSS (see Fig. 3).A

ording to the 
al
ulation of the isotopi
 
onstantT � M�� (where M is the averaged oxygen mass),309
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 shift of the 
hara
teristi
 temperaturesof the spin-state TSS and metal�insulator TMI transi-tions at the 16O!18O substitution for the sample withy = 0:2. The values of TSS were determined both on
ooling and on heating the samples (two 
losed 
ir
lesat ea
h isotope 
ontent)� = �d lnT=d lnM = �(�T=�M)(M=T ), we havethe value �SS and �MI = �(0:66 � 0:07). In
reasingthe oxygen mass promotes the development of the LSstate.2. The most important results are obtained for thesamples with the Eu 
ontent y � y
r (y = 0:14, 0.16).They 
orrespond to a wide 
on
entration range of phaseseparation.For the sample with y = 0:14, we observe a featurein �0(T ) 
urves 
orresponding to a steep in
rease of themagnetization on 
ooling at 60�70 K (see Fig. 4). Thisbehavior is 
aused by the FM phase arising in thesesamples. In addition, in the temperature dependen
eof resistivity, we see a steep in
rease in resistivity 
har-a
teristi
 of the metal�insulator transition similar tothat observed for the samples with y = 0:2 (see Fig. 5).The transition temperature 
orresponds to the mini-mum of the logarithmi
 derivative of the resistivity (seethe inset in Fig. 5). This means that here we also dealwith the 
hange in the relative 
ontent of metalli
 andinsulating phases, suggesting the existen
e of regions
orresponding to the LS insulating state and the 
orre-lation between the MI and SS transitions. At the sametime, we do not observe any 
lear indi
ations of theSST in the temperature dependen
e of the magneti
sus
eptibility. For example, the samples with y = 0:14turn out to be at the boundary of the phase separa-
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eptibility for (Pr1�yEuy)0:7Ca0:3CoO3 withy = 0:14. The inset illustrates the behavior of the log-arithmi
 derivative of �0(T ) in the vi
inity of TFM usedto determine the values of TFM
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e of the ele
tri
al re-sistivity for (Pr1�yEuy)0:7Ca0:3CoO3 with y = 0:14(solid line) and y = 0:1 with 16O (dashed line) and 18O(dash-doted line). The inset illustrates the behavior ofthe logarithmi
 derivative of R(T ) used to determinethe values of TFMtion range. In
reasing the oxygen mass favors the LSstate as well as suppression of the FM phase and of themetallization.The values of the isotopi
 
onstant 
al
ulated forthe MI and FM transitions in this sample are �MI == �(2:1�0:1) and �FM = (0:5�0:05). For this sample,310
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 shift of the 
hara
teristi
 tempera-tures of the spin-state TSS, metal�insulator TMI , andferromagneti
 TFM transitions for the sample withy = 0:14. The spin-state transition temperature TSSa
tually 
oin
ides with TMI . The values of TFM weredetermined both on 
ooling and heating the samples(two nealy 
oin
iding 
losed squares at ea
h isotope
ontent)the isotope shifts of the 
hara
teristi
 transition tem-peratures are illustrated in Fig. 6.For the samples with y = 0:16, the e�e
t of the par-tial oxygen isotope substitution by 18O manifests itselfeven 
learly. Here, we observed the features 
hara
ter-isti
 of both FM and SS transitions. On the one hand,the temperature dependen
e of �0 exhibits a steep in-
rease at 60�70 K similar to that in the y = 0:14 sam-ple indi
ating the existen
e of the FM transition. Onthe other hand, in �0(T ), we observed a 
learly pro-noun
ed peak, whi
h 
an be attributed to the SST atTSS (Fig. 7). The �0(T ) 
urves also demonstrate thatthe transition to the LS state gradually disappears asthe oxygen mass de
reases. In samples with a low 18O
ontent (< 17%), this transition is hardly seen due tothe gradual transformation from the LS to FM statewhen the oxygen mass de
reases. The 
urves for sam-ples with 17% and 43% of 18O 
orresponding to the
rossover range between di�erent phase states nearly
oin
ide. We also note that for y = 0:16 (as well asin the samples with y = 0:14), the temperature TFMde
reases as the average mass of oxygen in
reases.In addition, the Curie�Weiss temperature � in theformulas for the inverse magneti
 sus
eptibility ��1(T )
onsiderably de
reases with the in
rease in the averagemass of oxygen isotopes (see Fig. 8). For the samples
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eptibility for (Pr1�yEuy)0:7Ca0:3CoO3 withy = 0:16with the largest oxygen mass, we have � = �184 K,whereas for the samples with 16O, � = �45 K. Thisphenomenon may be related to the transition from theantiferromagneti
 intera
tion to the ferromagneti
 one.We note that Fig. 4 demonstrates that �00 is nearly zero311
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Fig. 9. Temperature dependen
e of the ele
tri
al re-sistivity for (Pr1�yEuy)0:7Ca0:3CoO3 with y = 0:16.The inset illustrates the behavior of the logarithmi
derivative of R(T )in the paramagneti
 range; this means that the ab-sorption related to the itinerant 
harge 
arriers is verysmall and does not produ
e a signi�
ant e�e
t on �0and hen
e on the values of �.For the sample with y = 0:16 as well as for sampleswith y = 0:14, 0.2, we have found that the resistivityin
reases as the temperature de
reases (by 5�7 ordersof magnitude), with the MI transition in the vi
inityof 70 K (Fig. 9). Both the resistivity and magneti
sus
eptibility data 
learly indi
ate that this sample isin the phase-separation range. The temperatures ofMI and SS transitions in
rease with the average oxy-gen mass (see the inset in Fig. 9). In the sample withy = 0:16, we see the same general tenden
y, namely,the in
rease in TSS and the de
rease in TFM as the av-erage oxygen isotope mass in
reases. Here, the valuesof the isotope 
onstant are �SS;MI = �(1:7�0:06) and�FM = (0:34�0:1); the isotope shifts of the 
hara
ter-isti
 transition temperatures are illustrated in Fig. 10.3. Finally, the samples with y < y
r (the Eu 
ontenty = 0:10) fall into the range of �nearly metalli
� ferro-magnets. In Ref. [17℄, it was shown that at T < TFM ,the 
ompositions with a low Eu 
ontent 
orrespond tothe domains of the metalli
 ferromagneti
 phase em-bedded in a weakly magneti
 non
ondu
ting matrix.A

ording to the temperature dependen
e �0(T )plotted in Fig. 11, the magnetization steeply in
reaseson 
ooling at about 60�70 K (i. e., the ferromagneti
phase arises). With the in
rease in the average oxy-gen mass, the value of �0(T ) de
reases at low temper-
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Fig. 10. Isotopi
 shift of the 
hara
teristi
 tempera-tures of the spin-state TSS, metal�insulator TMI , andferromagneti
 TFM transitions for the sample withy = 0:16. The values of TSS and TFM were deter-mined both on 
ooling and on heating the samples (two
losed 
ir
les or squares at ea
h isotope 
ontent). Open
ir
les 
orrespond to TMI
18O
16O

0 50 100 150
T, K

0.01

0.1

χ′, emu/mol

Fig. 11. Temperature dependen
e of the mag-neti
 sus
eptibility for (Pr1�yEuy)0:7Ca0:3CoO3 withy = 0:1atures. Here, we have TFM (18O)< TFM (16O) and themaximum isotope shift of TFM does not ex
eed 2�3 K.The ele
tri
al resistivity for these samples (y == 0:10) in
reases at low temperatures, even when theferromagneti
 phase arises. This behavior is quite sim-ilar to that observed in the samples with y = 0:14 andy = 0:16 (see Fig. 5). We note that the ele
tri
al resis-tan
e in the samples with 18O is higher than in thosewith 16O. However, with the de
rease in the Eu 
on-312
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t of Eu doping and partial oxygen : : :tent to y = 0:10, the MI pe
uliarity in the resistan
eis suppressed. Su
h 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-den
e remains nearly un
hanged. Thus, the sampleswith y = 0:10 do not be
ome truly metalli
, but theirbehavior di�ers from the behavior of the samples withy = 0:14 (they do not exhibit indi
ations of an SST).Therefore, we argue that in the phase diagram, the
omposition 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 su
h a 
ompli
ated system,there is no genuinely a

urate method for determiningthermodynami
 values of the transition temperaturesTSS and, espe
ially, TFM . Probably, the 
losest to thea
tual 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 in
reases, 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 Eu
ontent y = 0:14, 0.16 is a 
lear eviden
e of the phaseseparation in the system.These samples also provide a spe
ta
ular illustra-tion of the e�e
t related to the variable 
ontent of18O. In parti
ular, for the samples with y = 0:16, thetemperature dependen
e of the magneti
 sus
eptibility(Fig. 4) exhibits a pronoun
ed feature 
orresponding to1) As follows e. g. from the results of Ref. [16℄, the magneti
states of Co ions generated by doping are most probably IS states.For the following treatment, however, it is not 
riti
al whetherwe deal with the IS or HS states.

FMPM PS LSIS
0:10 0:15 0:20Eu 
ontent, y4060

80100TFM ; TSS; KTFM ;16OTFM ;18OTSS;16OTSS;18O
Fig. 12. Phase diagram of the(Pr1�yEuy)0:7Ca0:3CoO3 
ompound with 16Oand 90% 18O. PM, FM, IS, and LS respe
tively standfor the paramagneti
, ferromagneti
, intermediate-spin, and low-spin state. The hat
hed area 
orrespondsto the phase-separated state (PS)the SST at high values of the 18O 
ontent. With de-
reasing the 18O 
ontent, this feature be
omes weakerand disappears below 17% of 18O. Hen
e, we see thatthe 
hange in the average oxygen mass 
an drasti
allya�e
t 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 de
reases. Varying the average oxygen mass is aunique tool for investigating spe
ial properties of phaseseparation in 
obaltites near the 
rossover between theFM and LS phases. We also see that the e�e
t of in-
reasing the 18O 
ontent on the system is similar tothat of in
reasing the Eu 
ontent.We emphasize that the general stru
ture of thephase diagram shown in Fig. 12 is similar to that re-ported in Ref. [17℄. The partial oxygen isotope substi-tution allows a mu
h 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 exa
tly the main obje
tive of our work,whi
h 
ould not be signi�
antly a�e
ted by the di�er-en
e in the 
omposition of two sets of samples.The analysis of these results for di�erent 
hemi
aland isotope 
ompositions demonstrates that the e�e
tof the in
rease in the Eu 
ontent y and of the averageoxygen mass are qualitatively similar. We 
an res
alethe dependen
e 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�e
t of Eu and 18O doping on the SST temperature of TSS and on the ferromagneti
transition temperature TFM . Note the di�eren
e of the temperature s
ales 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 a
tually the mostimportant result of the present study. The theoreti
alanalysis of these results is given in the next se
tions.5. CALCULATION DETAILSTo explain the 
omposition and isotope dependen
eof the properties of our system (see Fig. 12), espe
iallythe similar dependen
e of the SST temperature andthe FM transition temperature illustrated in Fig. 13,we propose a realisti
 model (Se
tion 7) based predom-inantly on the 
hange of the ele
tron bandwidth withthe 
hemi
al and isotope 
omposition. Some input, aswell as the estimates of relevant parameters are takenfrom the ab initio band-stru
ture 
al
ulations for thelimiting �pure� 
ompositions 
orresponding to y = 0(PrCoO3) and y = 1 (EuCoO3).The 
rystal stru
ture of PrCoO3 obtained inRef. [20℄ for T = 300 K was used in those 
al
ulations.For EuCoO3, the latti
e parameters were taken fromRef. [21℄. The exa
t atomi
 positions for EuCoO3 areunknown, and we therefore used the same positionsas for PrCoO3 (with the 
orre
t unit 
ell volume forEuCoO3). The splitting between di�erent one-ele
tronenergy levels �CF was 
al
ulated within the lo
aldensity approximation (LDA) in the framework ofthe method of linear mu�n-tin orbitals (LMTO) [22℄.

Partially �lled but physi
ally unimportant 4f states ofthe Eu and Pr were treated as frozen [23℄.The Brillouin-zone (BZ) integration in the 
ourse ofself-
onsisten
y iterations was performed over a meshof 144 k-points in the irredu
ible 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-stru
ture 
al
ulation.The most dire
t way is to 
al
ulate the total energiesof di�erent spin states [24; 25℄. However, in the 
aseof a doped system, this would require very large su-per
ells. Moreover, 
urrently, we have no single 
om-monly a

epted model that 
an explain all experimen-tal fa
ts. Various 
ombinations of a stati
 or dynami
order of the di�erent spin states are dis
ussed in theliterature [23; 26�29℄. This is the reason why we 
hosean alternative approa
h.The energy of any of the spin states depends ontwo important parameters: the single-ele
tron energydi�eren
e �CFS between the highest t2g and the low-est eg levels, and the intra-atomi
 Hund's rule ex
hange
oupling JH . The Hund's rule energy JH is an atomi

hara
teristi
 and does not 
hange appre
iably eitherwith the Eu doping or with the isotope substitution.Hen
e, to investigate the dependen
e of the SST tem-perature on the doping or isotope substitution in the�rst approximation, we 
an fo
us on the study of thesingle parameter, �CFS . If �CFS is large enough(�CFS > 2JH), it is energeti
ally favorable to lo
al-ize all ele
trons in the low-lying t2g subshell of Co3+,314



ÆÝÒÔ, òîì 145, âûï. 2, 2014 E�e
t of Eu doping and partial oxygen : : :Total DOS PrCoO3

0 1 2 3 4�4 �3 �2 �1�5�6�7�5�4�3�2�101234�5�4�3�2�1012340 Co-t2g
Co-eg

O-2p

DOS,states/(e
V�atom)DOS,
states/(eV�ato
m) DOS,states
/(eV�f.u.)

Energy, eV

24681012
1416

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 de
rease inthe 
rystal-�eld splitting, some ele
trons 
an be trans-ferred to the eg subshell, whi
h allows the system togain the ex
hange energy, be
ause 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 fun
tionproje
tion pro
edure proposed in Ref. [30℄, whi
h al-lows proje
ting the full-orbital band Hamiltonian ontothe subspa
e of a few states (�ve d states of Co). Withthe Fourier transformation, we obtain the Hamiltonianin real spa
e, from whi
h the splitting between t2g andeg 
an be easily 
al
ulated. For PrCoO3, we obtain�CFS = 2:07 eV.The total and partial densities of states (DOS) ob-tained for PrCoO3 in the LDA 
al
ulations are pre-sented in Fig. 14. In the o
tahedral symmetry, the 3dstates of Co are split into t2g and eg subbands. In theLDA, the valen
e band is mostly formed by the Co-t2gstates, while the 
ondu
tion band is determined by theCo-eg states. The O-2p band is lo
ated in the energy

range from �7 to �1:5 eV.The DOS for EuCoO3 is qualitatively very similarand the 
orresponding 
al
ulations of �CFS result inthe value of 2.14 eV. The in
rease in the t2g�eg ex
i-tation energy in passing from PrCoO3 to EuCoO3 is
aused by two fa
tors. The �rst is the lanthanide 
on-tra
tion: the substitution of the large Pr3+ by smallerEu3+ ions leads to some de
rease in the Co�O distan
eand to the 
orresponding in
rease in the p�d hybridiza-tion, whi
h leads to an in
rease in the di�eren
e be-tween the 
enters of the t2g and eg bands. The se
onde�e
t is related to the de
rease in the e�e
tive 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�e
t, to the lanthanide 
ontra
tion,whi
h is the 
ause of the tilting of CoO6 o
tahedra toin
rease and the Co�O�Co angle and the 
orrespond-ing bandwidth to de
rease in passing from PrCoO3 toEuCoO3. Both these e�e
ts eventually lead to the in-
rease in �CFS with the Eu 
ontent, whi
h leads to theenhan
ed stabilization of the LS state of Co3+ (see amore detailed dis
ussion of these e�e
ts in Se
. 7).This 
hange of the 
rystal-�eld splitting (CFS) re-sults in the modi�
ation of the SST temperature, sin
ethis transition is due to the 
ompetition of the Hund'srule ex
hange 
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 negle
t the presen
eof Ca and interpolate the 
hange of the CFS for the
omplex 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, whi
h manifest themselves mainly inthe rigid shift of the O-2p band upward, resulting in aslight in
rease of the CFS. Su
h a linear interpolationpredi
ts the 
hange of the SST temperature by 16 K ify 
hanges by 0.02, whi
h is in ex
ellent agreement withthe experiment.7. ISOTOPE SUBSTITUTION: MODELRESULTSThe isotope substitution does not 
hange the 
hem-i
al properties of ions su
h as the oxidation numbers orbonding energies. However, it a�e
ts the 
rystal latti
evia a modi�
ation of the phonon spe
tra. Below, fol-lowing the approa
h in Ref. [32℄, we demonstrate the315
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t of this modi�
ation on the ele
troni
 and mag-neti
 properties and hen
e on the SST.In the tight-binding model, the band spe
trum 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-atomi
Coulomb and ex
hange intera
tions. The hopping pa-rameters depend on the type of the orbitals (s; p; d; f),the bonding type (�; �; Æ), and the distan
e betweenions u. A

ording to the famous Harrison parameteri-zation [33; 34℄ in the absen
e of latti
e 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 presen
e of latti
e vibrations, i. e., phononsinto a

ount, whi
h depend on the ion masses. Themean pd hopping matrix element 
an be 
al
ulated ashtpdi = 12v u0+vZu0�v Cpdmu4 du == Cpdm6v � 1(u0 � v)3 � 1(u0 + v)3� ; (2)where v = phÆu2i is the mean square displa
ementfrom the equilibrium position u0 due to phonons. Sin
ev=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 
oin
ideswith Eq. (1).In the Debye model at zero temperature, the mean-square displa
ement 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 displa
ements in the 
ompounds enri
hed 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. S
hemati
 illustration of the e�e
ts of oxy-gen isotope substitution (a) on the e�e
tive hoppingintegral teff and (b ) on the e�e
tive gap �eff be-tween the eg and t2g bands and on the e�e
tivewidth Weff of the eg band. The solid 
urve in panel(a) depi
ts the hopping integral t as fun
tion of theinter-ion distan
e u a

ording to Eq. (1). The ef-fe
tive hopping integrals teff are determined by av-eraging t(u) over the interval given by the mean-square displa
ement v of ions due to latti
e vibrations(4) (
rudely, teff = 1=2[t(u0 + v) + t(u0 � v)℄ forea
h isotope). We see that teff(16O)> teff (18O).As a result, �eff (18O)> �eff (16O), and hen
eTSS(18O)> TSS(16O). At the same time,Weff (18O)<< Weff (16O), and hen
e 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-pla
ement is v18 = 0:100Å for 18O and v16 = 0:107Åfor 16O. A

ording to Eq. (3), this leads to a de
reasein the e�e
tive bandwidth in passing from 16O to 18O.A qualitative explanation of this e�e
t is presented inFig. 15a. For strong ele
tron�phonon 
oupling, thesame e�e
t 
ould be attributed to the polaron-bandnarrowing depending on the isotope mass.316
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t of Eu doping and partial oxygen : : :The SST temperature depends on the energy di�er-en
e between the t2g and eg subbands, whi
h is de�nedby the widths of 
orresponding bands and the posi-tions of their 
enters. We start with the study of thebandwidth dependen
e on the ligand ion mass (see thes
hemati
 illustration in Fig. 15b ).To 
al
ulate the 
hange in the bandwidth 
ausedby the 16O ! 18O substitution, we need to know thehopping integrals, whi
h depend on two unknown pa-rameters Cpdm and u0. The Cpdm 
oe�
ients 
an inprin
iple be evaluated as is pres
ribed, for instan
e, inRef. [33℄. However, for a better pre
ision, we 
al
u-lated the Cpdm parameters from the LDA t2g and egbandwidths in pure PrCoO3. The equilibrium Co�Odistan
e u0 in its turn 
an be evaluated from the a
-tual 
rystal stru
ture data for EuCoO3 and PrCoO3.Finally, performing all these 
al
ulations, we obtainthat the t2g bandwidth de
reases by 22 K when 16O isrepla
ed by 18O. The de
rease in the eg bandwidth istwo times larger and equals 44 K. In e�e
t, the min-imum energy of the t2g ! eg transition in
reases by33 K. Hen
e, the SST temperature due to the 
hangeof the bandwidth must in
rease similarly in passingfrom 16O to 18O in qualitative a

ordan
e with the ex-periment (we even overestimate the a
tually observed
hanges; see Fig. 12).We 
onsider the se
ond me
hanism that a�e
ts theSST and is related to the dependen
e of 
hanges inthe 
enters of gravity of the 
orresponding bands (i. e.,CFS) with the isotope substitution. It turns out thatthis e�e
t 
ountera
ts the �rst one (
hange of the ef-fe
tive t2g and eg bandwidths), but this se
ond e�e
tis mu
h smaller numeri
ally (see below). Generallyspeaking, there are two main 
ontributions to the CFS�CFS . One 
omes from the Coulomb intera
tion of the3d ele
trons 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 a
t �inthe same dire
tion�, resulting in the same sequen
e oflevels [40℄. That is why the approa
hes so 
rude as theatomi
 sphere approximation (ASA) [41℄ often used inab initio 
al
ulations provide quite pre
ise band stru
-ture in most 
ases. The e�e
t of the Coulomb term 
anbe omitted or e�e
tively in
orporated into the kineti
energy 
ontribution. Below, we follow the same strat-egy by 
onsidering the kineti
 energy only, keeping inthe mind that the Coulomb 
ontribution 
an be takeninto a

ount by the parameter renormalization.In the se
ond 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 (whi
h 
orre-sponds to the dnp6 ! dn+1p5 transition) and tpd� andtpd� are the hopping matrix elements for di�erent typesof bonds.Be
ause the average hopping htpdi de
reases in pass-ing from 16O to 18O a

ording to Eqs. (3) and (4), theCFS should also de
rease as follows from Eq. (5). Asa result, this 
ontribution should lead to the oppositetenden
y: a de
rease in the SST temperature in goingfrom 16O to 18O. However, this e�e
t does not ex
eeda few kelvins at realisti
 values of the 
harge-transferenergy in 
obaltites [42℄.We also note that we here estimated the 
hanges inthe distan
e 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. Su
h a temperature-indu
edsmearing 
ould also somehow diminish our estimates ofthe isotope e�e
t in SST.In Fig. 13b, we see that the isotope e�e
t for TFM ,being mu
h weaker than for TSS , is of the opposite sign.Nevertheless, there is the same similarity between thee�e
ts of the Eu 
ontent and the oxygen isotope sub-stitution. This is in agreement with our expe
tations,be
ause the ferromagnetism of the low-Eu doped sam-ples with metalli
 
lusters should be stabilized by thedouble-ex
hange me
hanism, a

ording to whi
h TFMis proportional to the e�e
tive bandwidth of itinerantele
trons. This bandwidth de
reases for the heavier iso-tope, and that is why TFM de
reases at the 16O !18Osubstitution as well as at in
reasing the Eu 
ontent (seeFig. 13b ). A s
hemati
 illustration of the me
hanismunderlying the oxygen isotope e�e
t dis
ussed 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 
hanges
aused by the 
hemi
al 
omposition (in
reasing theEu 
ontent) and those arising from the oxygen isotopesubstitution. The 
hemi
al 
omposition y � 0:1�0.2was 
hosen be
ause a 
rossover between the ferromag-neti
 near-metalli
 state with magneti
 Co ions to thenonmagneti
 insulator with the low-spin Co3+ (t62ge0g ,S = 0) o

urs in this range, see Fig. 12.317
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on
lusion presented inFig. 13 is that the behavior of this system 
an beres
aled. The dependen
e of the SST temperature andof the ferromagneti
 transition temperature on the Eu
ontent y and on the 
ontent x of the heavier iso-tope 18O 
an be represented by the same almost linearplot as a fun
tion of the respe
tive 
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 ea
h separate phase vary withthe 
hemi
al and isotope 
omposition.Based on this similarity between the role of 
hemi
aland isotope 
omposition for the SST and for the tran-sition to the ferromagneti
 state at a lower Eu 
ontent,we propose a theoreti
al explanation of the isotopee�e
t in these transitions. We investigate the 
orre-sponding 
hanges and estimate the relevant parametersusing ab initio band stru
ture 
al
ulations. These re-sults together with an analyti
 model allow explainingthe observed behavior. In parti
ular, the isotope e�e
tboth in the spin-state and ferromagneti
 transitions isinterpreted in terms of the 
hange in the 
orrespondingwidths of the d bands o

urring due to the ele
tron�phonon renormalization, whi
h depends on the atomi
masses of the respe
tive isotopes.All this demonstrates on
e 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-proa
h, we established, �rst, that in the aforemen-tioned 
rossover range, we 
an 
learly distinguish two
oexisting 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, whi
h is a nontrivial observation 
learlydemonstrating that the ele
troni
 stru
ture 
an be ef-fe
tively 
ontrolled by isotopes. Third, based on theseobservations and using the parameters dedu
ed fromour band-stru
ture 
al
ulations, we put forward a sim-pli�ed model 
apturing the main physi
s of the isotopee�e
t in the systems with SSTs and quantitatively de-s
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