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We study experimentally and theoretically the effect of Eu doping and partial oxygen isotope substitution on the
transport and magnetic characteristics and spin-state transitions in (Pri_,Eu,)0.7Cag.3C003 cobaltites. The
Eu doping level y is chosen in the range of the phase diagram near the crossover between the ferromagnetic
and spin-state transitions (0.10 < y < 0.20). We prepared a series of samples with different degrees of enrich-
ment by the heavy oxygen isotope #O, namely, with 90 %, 67 %, 43 %, 17 %, and 0 % of '*0. Based on the
measurements of the ac magnetic susceptibility x(T") and electrical resistivity p(T"), we analyze the evolution
of the sample properties with the change of the Eu and ®O content. It is demonstrated that the effect of
increasing the 20 content on the system is similar to that of increasing the Eu content. The band structure
calculations of the energy gap between t2, and e, bands including the renormalization of this gap due to the
electron—phonon interaction reveals the physical mechanisms underlying this similarity.
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1. INTRODUCTION

Most magnetic oxides are characterized by a strong
interplay of electron, lattice, and spin degrees of free-
dom giving rise to multiple phase transitions and differ-
ent types of ordering. The phase transitions are often
accompanied by the formation of different inhomoge-
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neous states. In such a situation, the oxygen isotope
substitution provides a unique tool for investigating in-
homogeneous states in magnetic oxides, which allows
studying the evolution of their properties in a wide
range of the phase diagram. Sometimes, especially if a
system is close to the crossover between different states
(usually leading to phase separation), the isotope sub-
stitution can lead to significant changes in the ground
state of the system [1].
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A good example of such phenomena is provided
by cobaltites. These perovskite cobalt oxides have
attracted special interest owing to the possibility
of the spin-state transitions (SST) for Co ions in-
duced by temperature or doping [2-8] and the re-
lated phase separation phenomena [9-16]. The effect
of 10 =180 isotope substitution on the properties of
(Pri—yEuy)0.7Cag.3Co03 cobaltites (0.12 < y < 0.26)
was studied previously in our paper [17]. Tt was found
that with increasing the Eu content, the ground state
of the compound changes from a “nearly metallic” fer-
romagnet (ferromagnetic metallic clusters embedded
into an insulating host) to a “weakly magnetic insu-
lator” at y < y. & 0.18, regardless of the isotope
content. A pronounced SST was observed in the in-
sulating phase (in samples with y > y..), whereas in
the nearly metallic phase (at ¥ < y..), the magnetic
properties were quite different, without any indications
of a temperature-induced SST. Using the magnetic,
electrical, and thermal data, we constructed the phase
diagram for this material. The characteristic feature
of this phase diagram is a broad crossover range near
Yer corresponding to a competition of the phases men-
tioned above. The 160 —180 substitution gives rise to
an increase in the SST temperature T'sg and to a slight
decrease in the ferromagnetic (FM) transition temper-
ature Trpys.

However, a number of problems important for un-
derstanding the physics of systems with spin-state tran-
sitions have not been considered in the study reported
in Ref. [17]. The most important question is the rela-
tion between the changes caused by varying the com-
position (increase of the concentration y of the smaller
rare-earth ions Eu) and by isotope substitution, and the
physical mechanism underlying these changes. From
the phase diagram obtained in Ref. [17] and in this pa-
per, we see that there exists some correlation between
these changes, but the situation is not so simple: in the
right part of the phase diagram, the SST temperature
increases both with the increase in the Eu content y
and with the increase in the isotope mass (in passing
from 160 to ¥0). At the same time, in the left part
of this phase diagram, the effect of increasing the Fu
content and of increasing the oxygen mass on the phase
transition (which is then the transition to a nearly fer-
romagnetic state) is just the opposite: an increase in
the Eu content leads to a decrease in Tgjs, but the
increase in oxygen mass, to the increase in Trpy.

Another important open question concerns the be-
havior of separate phases in the regime of phase sepa-
ration. There are many different correlated systems in
which phase separation was detected in some range of

compositions, temperatures, external fields, etc. Typi-
cally, the measured transition temperatures in this case
changes, e.g., with doping. But it often remains un-
clear whether this change is the effect occurring in sep-
arate regions of different phases or is just the result of
averaging over the inhomogeneous system. To answer
these questions, we now carried out a detailed study
of the behavior of (PrEu)CoOj3 using the possibility of
fine tuning the properties of the system by partial iso-
tope substitution. This partial substitution plays in
effect the role similar to that of doping, external pres-
sure, etc. The obtained results establish the possibility
of “rescaling” the changes in the system with doping
and with isotope substitution and allow us to clarify
the questions formulated above.

As regards the second question formulated above,
just the possibility of fine tuning the properties of
the system inside the region of phase separation, pro-
vided by partial isotope substitution, allows study-
ing the behavior of different phases within this phase-
separated regime individually which would be very dif-
ficult to achieve by other means. Our results obtained
in this way demonstrate that not only the average crit-
ical temperatures change with doping and with iso-
tope substitution but also “individual” transition tem-
peratures (the ferromagnetic transition temperature in
more metallic regions and the SST temperature in more
insulating parts of the sample) do change with the
chemical and isotope composition.

As regards the main, first question formulated
above, about the mechanisms governing the change
of properties of the system with chemical and isotope
composition, the experimental findings reported in this
paper allow us to formulate a realistic theoretical model
clarifying the mechanisms underlying the pronounced
isotope effects in cobaltites exhibiting SSTs. The the-
oretical analysis demonstrates that the main factor is
the change of the effective bandwidth with the change
of both chemical and isotope composition. The oppo-
site trends in two parts of the phase diagram mentioned
above find a natural explanation in this picture.

To analyze the effects of partial oxygen isotope
substitution for doped cobaltites in the crossover re-
gion of the phase diagram, we have prepared a se-
ries of oxide materials with a nearly continuous tuning
of their characteristics. This allows tracing the evo-
lution of the relative content of different phases as a
function of the ratio 0 /160 of the contents of oxy-
gen isotopes. We note that there were only a few in-
vestigations of this kind, one of which we undertook
earlier for (La;_,Pr,)o.7CagsMnO3 manganites [18].
Here, the pronounced isotope effect manifesting itself in
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(Pr1—yEuy)0.7Cag.3Co03 cobaltites indeed provides us
with a unique possibility to address the problems dis-
cussed above through the use of partial oxygen isotope
substitution.

2. EXPERIMENTAL

Polycrystalline (Prq_,Euy)o.7Cap 3Co03 samples
were prepared by the chemical homogenization (“pa-
per synthesis”) method [19] through the use of the
following operations. At first, nonconcentrated wa-
ter solutions of metal nitrates Pr(NOs)s, Eu(NO3)s,
Ca(NO3)2, and Co(NO3)2 of 99.95% purity were pre-
pared. The exact concentration of dissolved chemicals
was established by gravimetric titration and, in the case
of Co-based solution, by means of potentiometric titra-
tion. The weighted amounts of metal nitrate solutions
were mixed in the stoichiometric ratio and the calcu-
lated mixture of nitrates was dropped onto ash-free pa-
per filters. The filters were dried out at about 80°C
and the procedure of the solution dropping was per-
formed repeatedly. Then, the filters were burned out
and the remaining ash was thoroughly ground. It was
annealed at 800 °C for 2 h to remove carbon. The pow-
der obtained was pressed into the pellets and sintered
at 1000 °C in the oxygen atmosphere for 100 h. Finally,
the samples were slowly cooled to room temperature by
switching off the furnace.

Samples were analyzed at room temperature by
the powder X-ray diffraction using Cu K, radiation.
All detectable peaks were indexed by the Pnma space
group. According to the X-ray diffraction patterns,
all (Pri_,Euy,)o.7Cag.3Co03 samples were obtained as
single-phase polycrystalline materials.

We prepared a series of ceramic cobaltite samples
with the degrees of enrichment by '#0 equal to 90 %,
67 %, 43%, 17%, and 0%. These values were deter-
mined by the changes in the sample mass in the course
of the isotope exchange and by the mass spectrome-
try of the residual gas in the oxygen exchange contour.
The samples were annealed in the appropriate 10180
gas mixture at 950 °C during 48 h at a total pressure of
1 bar. The similarity of the oxygen isotope composition
in the sample to that in the gas medium indicated that
a thermodynamic equilibrium was achieved during an-
nealing and, hence, the difference in the diffusion rates
of the oxygen isotopes did not significantly affect the re-
sults of the investigation. We also note that the mass of
a sample annealed in 'Oy remained unchanged within
the experimental error during the prolonged heat treat-
ment. Therefore, we can conclude that the annealing
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Fig.1. Temperature dependence of the magnetic sus-

ceptibility for (Pri—,Euy)o.7Cap.3CoOs with y = 0.2.

The range in the vicinity of the SST is shown in the in-

set in a larger scale. The dashed straight lines illustrate
determining the value of Tss

procedure does not change the oxygen stoichiometry in
the compounds under study.

The Eu doping of these samples was chosen to be
near and at both sides of the crossover doping level
Yer: @ composition with the high Eu content exhibiting
the SST, a low-Eu composition corresponding to the
nearly ferromagnetic state, and the sample at the phase
crossover, where both Tsg and Trj; were observed.

We note that the set of samples described above was
specially prepared for the present study. It turned out
that the data obtained for these samples differ somehow
from those reported in Ref. [17] (samples of set 1). In
particular, the values of the transition temperatures be-
tween phases are different for these two sets of samples.
We thoroughly analyzed the possible causes of this dif-
ference. The samples of both sets prepared by the same
technique do not differ by X-ray diffraction data, have
the same oxygen stoichiometry, but the calcium content
in set 1 appeared to be lower than that corresponding
to the nominal composition. At the same time, the
samples of set 2 correspond with a high accuracy to
the chemical formula (Pri_,Eu,)o7Cag3C003. As is
discussed below, this leads to some general shift of the
phase diagram toward larger values of the average ionic
radius (r4) (i-e., to the lower Eu content). Neverthe-
less, the general form of the phase diagram remains the
same.

For all samples, we measured the temperature de-
pendence of the real x'(T) and imaginary y"(T) parts
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of the ac magnetic susceptibility and electrical resis-
tivity p(T'). The resistivity measurements discussed
below were taken on cooling the samples. The mea-
surements of the ac magnetic susceptibility x(7') were
performed in an ac magnetic field with the frequency
667 Hz and an amplitude of about 5 Oe in the dc mag-
netic field of Earth. Based on these measurements,
we were able to analyze the evolution of the sample
properties with the change in the Eu and '®*0 con-
tent. To achieve a better reliability, the isotope shifts
ATFM = TFM(M)—TFM(MO) and ATSS = Tss(M)—
— Tss(*%0) (where M is the average atomic mass of
oxygen isotopes) were determined based on the suscep-
tibility data obtained both on cooling and on heating.
Within the experimental error, we did not observe a
temperature hysteresis in the vicinity of the transition
to the ferromagnetic phase, whereas near the SST, the
hysteresis did not exceed 1 K. In the figures in what
follows, we present the y(7') plots corresponding to the
heating of the samples. The Tpj; transition temper-
atures were determined from the minimum of the log-
arithmic temperature derivative of the susceptibility.
The Tsg transition temperatures were determined by
linear approximation as demonstrated in Fig. 1. Al-
though the critical temperatures depend on the chosen
method with which they are determined, the isotopic
shift is nearly insensitive to the choice of the determi-
nation procedure. The resistivity of the samples was
measured by the conventional four-probe technique in
the temperature range from 4.2 K to 300 K. The value
of the metal-insulator transition temperature Th;; can
be determined from the logarithmic derivative of R(T)
(see the inset of Fig. 2).

3. EXPERIMENTAL RESULTS

1. For the samples with y > y.. (the Eu content
y = 0.20), the material corresponds to a “weakly mag-
netic insulator”, in the notation used in Ref. [17]. The
X'(T) curves give clear indications of an SST at Tsg
manifesting itself as a peak in \'(T) (see Fig. 1). We
see that Tgg increases with the '¥O content. The high-
temperature phase is a paramagnet and a relatively
good conductor (see Fig. 2).

The low-spin (LS) insulating phase is dominant be-
low the crossover temperature of about 100 K. The
increase in x’ at low temperatures is most probably
caused by an incomplete transition, after which there
may remain small magnetic (and presumably more con-
ducting) clusters immersed into the LS state bulk in-
sulator. As a result of this crossover to an LS state,
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Fig.2. Temperature dependence of the electrical resis-

tivity for (Pri—,Euy)o0.7Ca0.3Co03 with y = 0.2. The

inset shows the behavior of the logarithmic derivative
of R(T') used to determine the values of Th;;

the electrical resistance R increases by 10-12 orders of
magnitude, which can be treated as a metal-insulator
(MI) transition (see Fig. 2). In these compounds, the
metal-insulator transition is accompanied (or caused)
by the SST. We note that the studies of the oxygen
isotope effect are performed in most cases using low-
density ceramic samples with open porosity. This gives
rise to the granularity effects related to the existence of
thin spacers at the grain boundaries with the properties
somehow different from those of the grains themselves.
In the magnetic oxides under study, the phase sepa-
ration coming from the competition between different
kinds of the exchange interaction also manifests itself.

All these factors lead to significant changes in the
temperature dependence of electrical resistivity, such
that the temperature derivative of R remains nega-
tive for the compositions under study. Nevertheless,
the characteristic features of R(T'), which are observed
in the vicinity of the SST and are suppressed in the
composition range corresponding to ferromagnetism,
allow arguing that we see a manifestation of the metal—
insulator transition in one of the phases.

The 0O content does not produce a signifi-
cant effect on R(T)/R(280 K) at low T, although
R(T')/R(280 K) is slightly larger in the samples with
heavy oxygen. The mass dependence of Tjs; corre-
lates well with the isotopic shift of Tss (see Fig. 3).
According to the calculation of the isotopic constant
T ~ M~ (where M is the averaged oxygen mass),
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Fig. 3. Isotopic shift of the characteristic temperatures

of the spin-state T'ss and metal-insulator T/ transi-

tions at the '°0 —'80 substitution for the sample with

y = 0.2. The values of Tss were determined both on

cooling and on heating the samples (two closed circles
at each isotope content)

a = —dInT/dInM = —(AT/AM)(M/T), we have
the value ags and ay; = —(0.66 £ 0.07). Increasing
the oxygen mass promotes the development of the LS
state.

2. The most important results are obtained for the
samples with the Eu content y ~ y.. (y = 0.14, 0.16).
They correspond to a wide concentration range of phase
separation.

For the sample with y = 0.14, we observe a feature
in \'(T') curves corresponding to a steep increase of the
magnetization on cooling at 60-70 K (see Fig. 4). This
behavior is caused by the FM phase arising in these
samples. In addition, in the temperature dependence
of resistivity, we see a steep increase in resistivity char-
acteristic of the metal-insulator transition similar to
that observed for the samples with y = 0.2 (see Fig. 5).
The transition temperature corresponds to the mini-
mum of the logarithmic derivative of the resistivity (see
the inset in Fig. 5). This means that here we also deal
with the change in the relative content of metallic and
insulating phases, suggesting the existence of regions
corresponding to the LS insulating state and the corre-
lation between the MI and SS transitions. At the same
time, we do not observe any clear indications of the
SST in the temperature dependence of the magnetic
susceptibility. For example, the samples with y = 0.14
turn out to be at the boundary of the phase separa-
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Fig.4. Temperature dependence of the mag-

netic susceptibility for (Pri_,Eu,)o.7Cag.3Co03 with

y = 0.14. The inset illustrates the behavior of the log-

arithmic derivative of \'(T') in the vicinity of Tras used
to determine the values of Tras
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Fig.5. Temperature dependence of the electrical re-

sistivity for (Pri—,Euy)0.7Ca.3C0o03 with y = 0.14

(solid line) and y = 0.1 with '°O (dashed line) and **0

(dash-doted line). The inset illustrates the behavior of

the logarithmic derivative of R(T) used to determine
the values of Trar

tion range. Increasing the oxygen mass favors the LS
state as well as suppression of the FM phase and of the
metallization.

The values of the isotopic constant calculated for
the MI and FM transitions in this sample are a;; =
= —(2.1£0.1) and apps = (0.5£0.05). For this sample,
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Fig.6. Isotopic shift of the characteristic tempera-
tures of the spin-state Tiss, metal-insulator T/, and
ferromagnetic Tras transitions for the sample with
y = 0.14. The spin-state transition temperature Tss
actually coincides with Thsr. The values of Trasr were
determined both on cooling and heating the samples
(two nealy coinciding closed squares at each isotope
content)

the isotope shifts of the characteristic transition tem-
peratures are illustrated in Fig. 6.

For the samples with y = 0.16, the effect of the par-
tial oxygen isotope substitution by 0 manifests itself
even clearly. Here, we observed the features character-
istic of both FM and SS transitions. On the one hand,
the temperature dependence of y’ exhibits a steep in-
crease at 60-70 K similar to that in the y = 0.14 sam-
ple indicating the existence of the FM transition. On
the other hand, in \'(T'), we observed a clearly pro-
nounced peak, which can be attributed to the SST at
Tss (Fig. 7). The x'(T') curves also demonstrate that
the transition to the LS state gradually disappears as
the oxygen mass decreases. In samples with a low 80
content (< 17 %), this transition is hardly seen due to
the gradual transformation from the LS to FM state
when the oxygen mass decreases. The curves for sam-
ples with 17 % and 43 % of 8O corresponding to the
crossover range between different phase states nearly
coincide. We also note that for y = 0.16 (as well as
in the samples with y = 0.14), the temperature Tras
decreases as the average mass of oxygen increases.

In addition, the Curie—~Weiss temperature # in the
formulas for the inverse magnetic susceptibility x = (7')
considerably decreases with the increase in the average
mass of oxygen isotopes (see Fig. 8). For the samples
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Fig.7. Temperature dependence of the mag-

netic susceptibility for (Pri—,Euy)o.7Cag.3C003 with

y = 0.16. The inset illustrates the behavior of \'(T)

in a larger scale. The straight lines in the inset illus-

trate determining the value of T'ss used to determine
the values of Tasr
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Fig.8. Temperature dependence of the inverse mag-
netic susceptibility for (Pri_,Eu,)o.7Cag.3Co03 with
y =0.16

with the largest oxygen mass, we have § = —184 K,
whereas for the samples with 'O, § = —45 K. This
phenomenon may be related to the transition from the
antiferromagnetic interaction to the ferromagnetic one.
We note that Fig. 4 demonstrates that '’ is nearly zero
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Fig.9. Temperature dependence of the electrical re-

sistivity for (Pri—yEuy)0.7Ca0.3C003 with y = 0.16.

The inset illustrates the behavior of the logarithmic
derivative of R(T')

in the paramagnetic range; this means that the ab-
sorption related to the itinerant charge carriers is very
small and does not produce a significant effect on y’
and hence on the values of 6.

For the sample with y = 0.16 as well as for samples
with y = 0.14, 0.2, we have found that the resistivity
increases as the temperature decreases (by 5—7 orders
of magnitude), with the MI transition in the vicinity
of 70 K (Fig. 9). Both the resistivity and magnetic
susceptibility data clearly indicate that this sample is
in the phase-separation range. The temperatures of
MI and SS transitions increase with the average oxy-
gen mass (see the inset in Fig. 9). In the sample with
y = 0.16, we see the same general tendency, namely,
the increase in T'sg and the decrease in Ty as the av-
erage oxygen isotope mass increases. Here, the values
of the isotope constant are a.gs prr = —(1.7+£0.06) and
apy = (0.34£0.1); the isotope shifts of the character-
istic transition temperatures are illustrated in Fig. 10.

3. Finally, the samples with y < y., (the Eu content
y = 0.10) fall into the range of “nearly metallic” ferro-
magnets. In Ref. [17], it was shown that at T < Tras,
the compositions with a low Eu content correspond to
the domains of the metallic ferromagnetic phase em-
bedded in a weakly magnetic nonconducting matrix.

According to the temperature dependence \'(T")
plotted in Fig. 11, the magnetization steeply increases
on cooling at about 60-70 K (i.e., the ferromagnetic
phase arises). With the increase in the average oxy-
gen mass, the value of \'(T") decreases at low temper-

312

ATpr, ATss, ATy, K

10 - %//// d
51 ATss, AT
0 /:__%
i’““-——i _____ l__A_TFMl
0 1 2 3 4 5
AMy per formula unit, a.m.u.
Fig.10. Isotopic shift of the characteristic tempera-

tures of the spin-state T'ss, metal-insulator T/7, and

ferromagnetic Trys transitions for the sample with

y = 0.16. The values of Tss and Tryr were deter-

mined both on cooling and on heating the samples (two

closed circles or squares at each isotope content). Open
circles correspond to Tasr
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Fig.11. Temperature dependence of the mag-

netic susceptibility for (Pri_,Eu,)o.7Cag.3Co03 with
y=0.1

atures. Here, we have Tr (**0) < Trp(1°0) and the
maximum isotope shift of Trys does not exceed 2-3 K.

The electrical resistivity for these samples (y
= 0.10) increases at low temperatures, even when the
ferromagnetic phase arises. This behavior is quite sim-
ilar to that observed in the samples with y = 0.14 and
y = 0.16 (see Fig. 5). We note that the electrical resis-
tance in the samples with 0 is higher than in those
with 160. However, with the decrease in the Eu con-
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tent to y = 0.10, the MI peculiarity in the resistance
is suppressed. Such behavior of R(T') for samples with
y = 0.10 can be compared with that for y = 0.14 sam-
ples (see Fig. 5 and the inset of that figure). The re-
sistivity for samples with y = 0.10 corresponds to a
more smooth curve than for samples with y = 0.14,
although the regular course of the temperature depen-
dence remains nearly unchanged. Thus, the samples
with y = 0.10 do not become truly metallic, but their
behavior differs from the behavior of the samples with
y = 0.14 (they do not exhibit indications of an SST).
Therefore, we argue that in the phase diagram, the
composition with y = 0.10 lies outside the crossover re-
gion, on the left-hand side of it. The isotope constant
is apy = (0.23 £0.1).

We note here that for such a complicated system,
there is no genuinely accurate method for determining
thermodynamic values of the transition temperatures
Tss and, especially, Trjs. Probably, the closest to the
actual value is the onset temperature of the transition
(T*). The value of T* can be determined by different
methods, but as we have already mentioned in Sec. 2,
the isotope shift of the transition temperature is nearly
insensitive to the definition 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 EXPERIMENTAL
RESULTS

The obtained data for the temperatures of the phase
transitions can be represented in the form of a phase
diagram (Fig. 12). It illustrates that as the Eu con-
tent increases, the system transforms from the nearly
metallic ferromagnet to the LS insulating state, under-
going LS — IS spin-state transitions'). Between these
states, we have a broad crossover region corresponding
to phase separation. Indeed, the simultaneous observa-
tion of both Tr)y; and Tsg in the samples with the Eu
content y = 0.14, 0.16 is a clear evidence of the phase
separation in the system.

These samples also provide a spectacular illustra-
tion of the effect related to the variable content of
180. In particular, for the samples with y = 0.16, the
temperature dependence of the magnetic susceptibility
(Fig. 4) exhibits a pronounced feature corresponding to

1) As follows e.g. from the results of Ref. [16], the magnetic
states of Co ions generated by doping are most probably IS states.
For the following treatment, however, it is not critical whether
we deal with the IS or HS states.
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Fig.12. Phase diagram of the
(Pri—yEuy)0.7Cap.3C0o03 compound with  '60

and 90 % '80. PM, FM, IS, and LS respectively stand

for the paramagnetic, ferromagnetic, intermediate-

spin, and low-spin state. The hatched area corresponds
to the phase-separated state (PS)

the SST at high values of the '®0Q content. With de-
creasing the 0 content, this feature becomes weaker
and disappears below 17 % of '¥0. Hence, we see that
the change in the average oxygen mass can drastically
affect the phase composition of the cobaltite samples.

The oxygen isotope substitution '*O —'80 shifts
the phase equilibrium toward the insulating state. For
the heavier isotope, the SST temperature Tgg in-
creases, while the ferromagnetic transition temperature
Trar decreases. Varying the average oxygen mass is a
unique tool for investigating special properties of phase
separation in cobaltites near the crossover between the
FM and LS phases. We also see that the effect of in-
creasing the 80 content on the system is similar to
that of increasing the Eu content.

We emphasize that the general structure of the
phase diagram shown in Fig. 12 is similar to that re-
ported in Ref. [17]. The partial oxygen isotope substi-
tution allows a much more detailed study of the evolu-
tion of the state of doped perovskite cobaltites in the
most interesting region corresponding to phase separa-
tion. This is exactly the main objective of our work,
which could not be significantly affected by the differ-
ence in the composition of two sets of samples.

The analysis of these results for different chemical
and isotope compositions demonstrates that the effect
of the increase in the Eu content y and of the average
oxygen mass are qualitatively similar. We can rescale
the dependence of the transition temperature on both
parameters using the combined variable y + 0.0152 for
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Fig. 13. Plots illustrating the combined effect of Eu and 0 doping on the SST temperature of T'ss and on the ferromagnetic
transition temperature Trar. Note the difference of the temperature scales in panels (a) and (b)

Tss or y + 0.01zx for Tryr, where x is the relative con-
tent of '¥0, as shown in Fig. 13. The temperatures of
both the SS and FM transitions depend almost linearly
on this combined variable. We see that the change in
Eu content by 1% is equivalent to the change in the
isotope content by 70-100 %. This is actually the most
important result of the present study. The theoretical
analysis of these results is given in the next sections.

5. CALCULATION DETAILS

To explain the composition and isotope dependence
of the properties of our system (see Fig. 12), especially
the similar dependence of the SST temperature and
the FM transition temperature illustrated in Fig. 13,
we propose a realistic model (Section 7) based predom-
inantly on the change of the electron bandwidth with
the chemical and isotope composition. Some input, as
well as the estimates of relevant parameters are taken
from the ab initio band-structure calculations for the
limiting “pure” compositions corresponding to y = 0
(PrCo0O3) and y = 1 (EuCoO03).

The crystal structure of PrCoQOjs obtained in
Ref. [20] for T'= 300 K was used in those calculations.
For EuCoQOs, the lattice parameters were taken from
Ref. [21]. The exact atomic positions for EuCoO3 are
unknown, and we therefore used the same positions
as for PrCoQOs (with the correct unit cell volume for
EuCo03). The splitting between different one-electron
energy levels Acp was calculated within the local
density approximation (LDA) in the framework of
the method of linear muffin-tin orbitals (LMTO) [22].
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Partially filled but physically unimportant 4f states of
the Eu and Pr were treated as frozen [23].

The Brillouin-zone (BZ) integration in the course of
self-consistency iterations was performed over a mesh
of 144 k-points in the irreducible part of the BZ.

6. DOPING DEPENDENCE: LDA RESULTS

There are different ways to estimate the SST tem-
perature with the use of the band-structure calculation.
The most direct way is to calculate the total energies
of different spin states [24,25]. However, in the case
of a doped system, this would require very large su-
percells. Moreover, currently, we have no single com-
monly accepted model that can explain all experimen-
tal facts. Various combinations of a static or dynamic
order of the different spin states are discussed in the
literature [23,26—29]. This is the reason why we chose
an alternative approach.

The energy of any of the spin states depends on
two important parameters: the single-electron energy
difference Acps between the highest ¢5, and the low-
est ey levels, and the intra-atomic Hund’s rule exchange
coupling Jr. The Hund’s rule energy Jg is an atomic
characteristic and does not change appreciably either
with the Eu doping or with the isotope substitution.
Hence, to investigate the dependence of the SST tem-
perature on the doping or isotope substitution in the
first approximation, we can focus on the study of the
single parameter, Agpg. If Agpg is large enough
(Acps > 2Jy), it is energetically favorable to local-
ize all electrons in the low-lying t», subshell of Co®*,
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Fig.14. The total and partial densities of states (DOS)
for PrCoO3. The Fermi energy corresponds to zero

i.e., the system is in the LS state. With a decrease in
the crystal-field splitting, some electrons can be trans-
ferred to the e, subshell, which allows the system to
gain the exchange energy, because there are more elec-
trons with the same spin. As we show below, both the
isotope substitution and the doping can be related to
the crystal-field splitting.

To estimate Acrs, we used the Wannier function
projection procedure proposed in Ref. [30], which al-
lows projecting the full-orbital band Hamiltonian onto
the subspace of a few states (five d states of Co). With
the Fourier transformation, we obtain the Hamiltonian
in real space, from which the splitting between ¢, and
ey can be easily calculated. For PrCoQOs, we obtain
AC’FS = 2.07 eV.

The total and partial densities of states (DOS) ob-
tained for PrCoQs3 in the LDA calculations are pre-
sented in Fig. 14. In the octahedral symmetry, the 3d
states of Co are split into t2, and e, subbands. In the
LDA, the valence band is mostly formed by the Co-ta4
states, while the conduction band is determined by the
Co-e,4 states. The O-2p band is located in the energy

range from —7 to —1.5 eV.

The DOS for EuCoOg3 is qualitatively very similar
and the corresponding calculations of Agpg result in
the value of 2.14 eV. The increase in the t5,—e, exci-
tation energy in passing from PrCoO3 to EuCoOg is
caused by two factors. The first is the lanthanide con-
traction: the substitution of the large Pr®+ by smaller
Eu?T ions leads to some decrease in the Co-O distance
and to the corresponding increase in the p—d hybridiza-
tion, which leads to an increase in the difference be-
tween the centers of the ¢54, and e, bands. The second
effect is related to the decrease in the effective widths
of 24 and e, energy bands with the corresponding in-
crease in the energy gap between them. This narrowing
of energy bands in passing from PrCoQO3 to EuCoQOs is
also related, in effect, to the lanthanide contraction,
which is the cause of the tilting of CoOg octahedra to
increase and the Co—O—Co angle and the correspond-
ing bandwidth to decrease in passing from PrCoQOj to
EuCoO3. Both these effects eventually lead to the in-
crease in A¢gpg with the Eu content, which leads to the
enhanced stabilization of the LS state of Co3T (see a
more detailed discussion of these effects in Sec. 7).

This change of the crystal-field splitting (CFS) re-
sults in the modification of the SST temperature, since
this transition is due to the competition of the Hund’s
rule exchange coupling Ji and the CFS [23].

It was found in Refs. [17] and [31] (also see
Fig. 12) that the change of the Eu content y in
(Pri—yEuy)0.7Cap.3Co03 by 0.02 leads to the change
of the SST temperature by about 14 K. In the first
approximation, it is possible to neglect the presence
of Ca and interpolate the change of the CFS for the
complex system like (Prq_,Eu,)o.7Cag.3Co03 using the
CFS values for y = 1 (PrCo0O3) and y = 0 (EuCoO3).
Indeed, the substitution of Ca for Eu** /Pr3* gives rise
to ligand holes, which manifest themselves mainly in
the rigid shift of the O-2p band upward, resulting in a
slight increase of the CFS. Such a linear interpolation
predicts the change of the SST temperature by 16 K if
y changes by 0.02, which is in excellent agreement with
the experiment.

7. ISOTOPE SUBSTITUTION: MODEL
RESULTS

The isotope substitution does not change the chem-
ical properties of ions such as the oxidation numbers or
bonding energies. However, it affects the crystal lattice
via a modification of the phonon spectra. Below, fol-
lowing the approach in Ref. [32], we demonstrate the
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effect of this modification on the electronic and mag-
netic properties and hence on the SST.

In the tight-binding model, the band spectrum of
a solid is determined by the on-site ionic energy levels

e?lm and the hopping matrix elements between differ-

w,mm' nlm

ent sites t;; The ionic energies "™ are obvi-
ously 1ndependent of the mass of the ions, being deter-
mined by the quantum numbers and the intra-atomic
Coulomb and exchange interactions. The hopping pa-
rameters depend on the type of the orbitals (s, p,d, f),
the bonding type (7,0,0), and the distance between
ions u. According to the famous Harrison parameteri-
zation [33,34] in the absence of lattice vibrations, the
hopping integrals, e. g., between p orbitals of the oxy-
gen and transition metal d-orbitals equal to

(1)

where coefficients Cpq,, depend on the bonding type
and can be different for different metals and lig-
ands [33, 35].

The static version of Eq. (1) can be generalized by
taking the presence of lattice vibrations, i.e., phonons
into account, which depend on the ion masses. The
mean pd hopping matrix element can be calculated as

tpd = dem/u47

1 wo+v
— pdm g _
<tpd> = % u4 du =

ug—v

1 1
— Cpam - )
6v \(up—v)* (ug+wv)?

where v = /(6u?) is the mean square displacement

from the equilibrium position ug due to phonons. Since
v/ug < 1, we can simplify the last equation by expand-
ing it in a series to the 4th order

() = 22 (1 + 2 (u_>> +0 ((u_>> ¥o

In the static limit v — 0, the last formula coincides
with Eq. (1).

In the Debye model at zero temperature, the mean-
square displacement is written as [36]

9n% 1
4k39D m’

(6u®) = (4)
where m is the mass of vibrating ions and fp is the
Debye temperature. Due to different masses, the me-
an-square displacements in the compounds enriched by
160 or 80 are different. The Debye temperature for
a very similar system, LaCoQg, was found to be about
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Fig.15. Schematic illustration of the effects of oxy-

gen isotope substitution (a) on the effective hopping
integral t.;; and (b) on the effective gap A.j; be-
tween the e, and f2, bands and on the effective
width Weys of the e, band. The solid curve in panel
(a) depicts the hopping integral ¢t as function of the
inter-ion distance u according to Eq. (1). The ef-
fective hopping integrals t.s; are determined by av-
eraging t(u) over the interval given by the mean-
square displacement v of ions due to lattice vibrations
(4) (crudely, tegr = 1/2[t(uo + v) + t(uo — v)] for
each isotope). We see that t.;('°0)> t.;r('20).
As a result, A pr("*0)> A.;('°0), and hence
Tss('®0) > Tss('°0). At the same time, W, (*20)<
< Weysr(*°0), and hence Trar(*¥0) < Trar(0)

600 K [37]. We can use this value to estimate v in
(Pri—yEu,)0.7Cag.3C003. Then, the mean-square dis-
placement is v15 = 0.100 A for 80 and v = 0.107 A
for 0. According to Eq. (3), this leads to a decrease
in the effective bandwidth in passing from 160 to #0.
A qualitative explanation of this effect is presented in
Fig. 15a. For strong electron—phonon coupling, the
same effect could be attributed to the polaron-band
narrowing depending on the isotope mass.
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The SST temperature depends on the energy differ-
ence between the ¢y, and e, subbands, which is defined
by the widths of corresponding bands and the posi-
tions of their centers. We start with the study of the
bandwidth dependence on the ligand ion mass (see the
schematic illustration in Fig. 150).

To calculate the change in the bandwidth caused
by the 10 — 80 substitution, we need to know the
hopping integrals, which depend on two unknown pa-
rameters Cpgn, and ug. The Cpgp, coefficients can in
principle be evaluated as is prescribed, for instance, in
Ref. [33]. However, for a better precision, we calcu-
lated the Cpqm parameters from the LDA ¢y, and e,
bandwidths in pure PrCoOs. The equilibrium Co-O
distance ug in its turn can be evaluated from the ac-
tual crystal structure data for EuCoO3 and PrCoQOs.

Finally, performing all these calculations, we obtain
that the t5, bandwidth decreases by 22 K when %0 is
replaced by '®0. The decrease in the e, bandwidth is
two times larger and equals 44 K. In effect, the min-
imum energy of the ¢, — e, transition increases by
33 K. Hence, the SST temperature due to the change
of the bandwidth must increase similarly in passing
from 0 to '®0 in qualitative accordance with the ex-
periment (we even overestimate the actually observed
changes; see Fig. 12).

We consider the second mechanism that affects the
SST and is related to the dependence of changes in
the centers of gravity of the corresponding bands (i.e.,
CFS) with the isotope substitution. It turns out that
this effect counteracts the first one (change of the ef-
fective ¢, and e, bandwidths), but this second effect
is much smaller numerically (see below). Generally
speaking, there are two main contributions to the CFS
Acrs. One comes from the Coulomb interaction of the
3d electrons with the negatively charged ligands, and
the other is due to the hybridization between d orbitals
of metal ions and p orbitals of the ligands [38,39]. For
most oxides of 3d transition metals, both terms act “in
the same direction”, resulting in the same sequence of
levels [40]. That is why the approaches so crude as the
atomic sphere approximation (ASA) [41] often used in
ab initio calculations provide quite precise band struc-
ture in most cases. The effect of the Coulomb term can
be omitted or effectively incorporated into the kinetic
energy contribution. Below, we follow the same strat-
egy by considering the kinetic energy only, keeping in
the mind that the Coulomb contribution can be taken
into account by the parameter renormalization.

In the second order of the perturbation theory, the
CFS between t», and e, subbands is written as

2., —t2
pdo pdm 7 (5)

Acrs = Aor

where Acr is the charge-transfer energy (which corre-
sponds to the d"pS — d"*'p5 transition) and tp4, and
tpar are the hopping matrix elements for different types
of bonds.

Because the average hopping (¢,4) decreases in pass-
ing from 160 to 80 according to Eqs. (3) and (4), the
CFS should also decrease as follows from Eq. (5). As
a result, this contribution should lead to the opposite
tendency: a decrease in the SST temperature in going
from 160 to 0. However, this effect does not exceed
a few kelvins at realistic values of the charge-transfer
energy in cobaltites [42].

We also note that we here estimated the changes in
the distance between the edges of t», and e, subbands.
However, at finite temperatures, we must have tran-
sitions not only between the band edge but also from
one subband to another. Such a temperature-induced
smearing could also somehow diminish our estimates of
the isotope effect in SST.

In Fig. 13b, we see that the isotope effect for Ty,
being much weaker than for Tsg, is of the opposite sign.
Nevertheless, there is the same similarity between the
effects of the Eu content and the oxygen isotope sub-
stitution. This is in agreement with our expectations,
because the ferromagnetism of the low-Eu doped sam-
ples with metallic clusters should be stabilized by the
double-exchange mechanism, according to which Trys
is proportional to the effective bandwidth of itinerant
electrons. This bandwidth decreases for the heavier iso-
tope, and that is why Trys decreases at the 150 —180
substitution as well as at increasing the Eu content (see
Fig. 13b). A schematic illustration of the mechanism
underlying the oxygen isotope effect discussed above is
given in Fig. 15.

8. CONCLUSIONS

Experimental studies carried out for
(Pri—yEuy)0.7Cap.3Co03 cobaltites with the vary-
ing isotope substitution of 'O by O demonstrated
that there exists a strong similarity in the changes
caused by the chemical composition (increasing the
Eu content) and those arising from the oxygen isotope
substitution. The chemical composition y ~ 0.1-0.2
was chosen because a crossover between the ferromag-
netic near-metallic state with magnetic Co ions to the
nonmagnetic insulator with the low-spin Co®* (#§ ),
S = 0) occurs in this range, see Fig. 12.
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The main experimental conclusion presented in
Fig. 13 is that the behavior of this system can be
rescaled. The dependence of the SST temperature and
of the ferromagnetic transition temperature on the Eu
content y and on the content x of the heavier iso-
tope '80 can be represented by the same almost linear
plot as a function of the respective combined variables
y + 0.0152 and y + 0.01z. This means, for example,
that under the SST, the change of the Eu content y by
0.007 is equivalent to the substitution of 50 % of 60O
by 80. In addition, this clearly demonstrates that not
only the average transition temperatures change with
the doping and isotope substitution, but also the tran-
sition temperatures for each separate phase vary with
the chemical and isotope composition.

Based on this similarity between the role of chemical
and isotope composition for the SST and for the tran-
sition to the ferromagnetic state at a lower Eu content,
we propose a theoretical explanation of the isotope
effect in these transitions. We investigate the corre-
sponding changes and estimate the relevant parameters
using ab initio band structure calculations. These re-
sults together with an analytic model allow explaining
the observed behavior. In particular, the isotope effect
both in the spin-state and ferromagnetic transitions is
interpreted in terms of the change in the corresponding
widths of the d bands occurring due to the electron—
phonon renormalization, which depends on the atomic
masses of the respective isotopes.

All this demonstrates once again that the oxygen
isotope substitution is a powerful tool for revealing
salient features in the behavior of strongly correlated
magnetic oxides.

Summarizing, we can say that using this ap-
proach, we established, first, that in the aforemen-
tioned crossover range, we can clearly distinguish two
coexisting phases, a nearly insulating one exhibiting an
SST and a nearly metallic “ferromagnetic” one, with
different, behaviors of the transition temperatures. Sec-
ond, we have found that these transition temperatures
depend almost linearly on the content of the heavy oxy-
gen isotope, which is a nontrivial observation clearly
demonstrating that the electronic structure can be ef-
fectively controlled by isotopes. Third, based on these
observations and using the parameters deduced from
our band-structure calculations, we put forward a sim-
plified model capturing the main physics of the isotope
effect in the systems with SSTs and quantitatively de-
scribing the experimental data.
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