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Abstract—The effect of 0 — 180 oxygen isotope substitution has been studied for
(Pr, _,Eu)), ;Ca; ;C00; cobaltites (0.12 <y <0.26). A pronounced isotope shift has been found for the spin-
state transition temperature, which increases with the oxygen isotope mass. In contrast, the ferromagnetic
transition temperature has slightly lower values for the samples with heavier oxygen. The observed phenom-
ena and constructed phase diagram confirm the results reported previously for (Pr; _ ,Sm,), ;Ca, 3C005 in
[G.Y. Wang, X. H. Chen, T. Wu, et al., Phys. Rev. B 74, 165113 (2006)]. The measurements of the specific
heat have been performed for (Pr; _ ,Eu ), ;Ca; 3C00; with the main emphasis on the analysis of the isotope
effect. The contributions to the isotope effect coming from the lattice and magnetic components of the spe-

cific heat have been separated. The mechanisms underlying the large isotope effect are discussed.

DOI: 10.1134/S1063776110080042

1. INTRODUCTION

The isotope substitution is an efficient tool for the
study of lattice dynamics, as well as the electrical and
magnetic properties of solids. In some cases, particu-
larly if a system is close to the crossover between differ-
ent states, the isotope substitution can lead to signifi-
cant changes in the ground state of the system. In
manganites, for example, a metal—insulator transition
induced by the '°O — 80 isotope substitution was
observed [1].

Complex cobalt oxides ACoO; with the perovskite-
type structure attract a significant current interest [2—
4]. Position A in the cobaltite lattice is usually occu-
pied by a combination of rare-earth and alkaline-earth
elements. The variations in the content of alkaline-
earth elements, in particular Ca, give rise to changes in
the charge carrier density. The combination of differ-
ent rare-earth elements allows for a fine tuning of the
lattice structure by slightly changing the average ionic
radius in the course of isovalent doping.

An interesting feature of cobaltites is the possibility
of a transition involving the change in the spin state of
the Co** ion. With an increase in the temperature,
these compounds undergo a spin-state (SS) transition

T Deceased.

at T'= T from the low-spin ground state (LS, tggeg ,
S = 0) to the intermediate-spin (IS, tgge;, S=1)or

high-spin (HS, tggez , §'=2) state. It turns out that the
ionic radius of the cobalt ion in the intermediate-spin
and high-spin states is larger than that for the low-spin
state of Co** (S = 0), Hence, the spin-state transition
is accompanied by a significant reconfiguration in the
cobaltite lattice. Alongside with these changes, the
transition to the low-spin state manifests itselfin a sig-
nificant decrease in the electrical conductivity; the
corresponding increase in the resistance can be as
large as several orders of magnitude. This allows us to
treat such a phenomenon as a metal—insulator transi-
tion [5]. Such interplay between magnetic, lattice, and
charge degrees of freedom can result in the pro-
nounced isotope effect.

Indeed, the measurements reported in [6, 7] dem-
onstrated the giant oxygen isotope effect in
(Pr;_,Sm,), ,Ca, ;C0O5 cobaltites. It was found that
small variations in the ionic radius due to the isovalent
substitution of samarium for praseodymium give rise
to significant changes in the magnetic structure of this
compound and even to the complete change of the
ground state. In this case, the oxygen isotopic param-
eter (power-law exponent) o, = 0OlnT7gs/0In(My)
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Fig. 1. Phase diagram of ACoOj5 cobaltites in the plane
temperature versus the average ionic radius (r,) of a cat-
ion in the A position (according to the results reported in
[7, 8]). The solid and dashed lines correspond to
(Pry _ ,Euy)g 7Cag 3C003 and (Pry _ ,Smy), ;Cag 3C003,
respectively. The squares and circles denote spin-state and
ferromagnetic transitions, respectively. The filled and open
symbols correspond to the samples enriched in 180 and

160, respectively. The prevailing spin states of cobalt ions
(PM, FM, IS, and LS) are indicated. Hatched areas 1 and
2 mark the crossover regions in the vicinity of y = y, for
(Prl 7ySmy)0_7Ca0V3COO3 and (Prl 7yEuy)0_7C3.0.3C003,
respectively. Hatched area 3 corresponds to the region of
low-temperature ferromagnetic ordering in
(Pry _ ,Euy)g 7Cag 3C003 according to the data reported

in [8].

(M, is the average atomic mass of oxygen) has an
anomalously large value ag > 0.5 near the threshold
value y, = 0.175 characterized by the competition
between the ferromagnetic metallic and weakly mag-
netic insulating states favoring the phase separation.
Note that o corresponding to the ferromagnetic
(FM) transition is small and its sign is opposite to that
for the spin-state transition.

Recently [8], we reported a detailed study of
(Pr, _,Eu,),,Ca,;Co0; cobaltite within the 0.12 <
y<0.26 concentration range. It was shown that an
increase in Eu content (leading to an increase in static
lattice distortions) results in the change of the ground
state from the ferromagnetic semimetal to the weakly
magnetic semiconductor (insulator). The spin-state
transition arises in the (Pr, _,Eu ), ,Ca, ;CoO; system
at y, > 0.18. Using the magnetic, electrical, and ther-
mal data, we constructed a phase diagram for this
material, analyzed the possible charge and magnetic
states of cobalt ions, and confirmed the existence of
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the giant isotope effect in the (Pr, _ Eu ), ,Ca, ;C00;
system. The characteristic feature of this phase dia-
gram is a broad crossover range near the concentration
y. = 0.18, dividing the phase plane into the regions
with high and low europium contents [8].

Figure 1 shows the joint phase diagram for
(Pr,_,Sm,),,Ca;;C00; and (Pr,_,Eu,),,Ca;;Co0;

cobaltites versus the average ionic radius (r,) in posi-

tion A based on the results reported in [7, 8]. In gen-
eral, the diagrams of both compounds are similar to
each other with the only difference that the phase
boundary corresponding to the spin-state transition in
the Eu-containing compound is shifted toward larger
values of the ionic radius. The nature of such a differ-
ence is not quite clear now. The values of the isotope
shift for the temperatures of ferromagnetic, spin-state,
and metal—insulator transitions are nearly the same
for both compounds.

In [8], we analyzed the thermal, magnetic, and
electrical measurements and drew certain conclusions
concerning the spin state of cobalt ions. It was shown
that the compositions with a low Eu content at T <
T\ correspond to the domains of the metallic ferro-
magnetic phase embedded in a weakly magnetic non-
conducting matrix. However, even in the paramag-
netic (PM) state (7 > Tgy), Co’* ions can occur in
both the intermediate-spin and low-spin states. The
paramagnetic—ferromagnetic transition is not accom-
panied by significant changes in the electrical conduc-
tivity. An increase in the Eu(Sm) content stabilizes the
low-spin state of Co** but, as was mentioned on [8],
only a part of Co’* ions undergo the spin-state transi-
tion upon cooling. The spin-state transition is accom-
panied by the metal—insulator transition. At extremely
low temperatures, the ferromagnetic state related to
the partial spin ordering of Co** ions can appear.
Within the crossover concentration range near Y.,
there exists a broad phase-separation region.

The aim of this work is to study the manifestation of
the isotope effect in thermal (such as the specific heat)
properties of (Pr,_,Eu),,Ca;;Co0; cobaltites
(0.12<y<0.26).

2. EXPERIMENTAL TECHNIQUES
AND THE SAMPLES

Ceramic samples of (Pr, _ Eu,), ,Ca, ;C0O; cobal-
tites were produced in the form of pellets by the solid-
phase “paper” synthesis. The synthesis technique is
described in detail in [8]. At the final stage of their pro-
duction, the pellets were sintered at 7= 1000°C for
100 h. In the produced samples, the 'O — 80 oxy-
gen isotope substitution was performed. Two rectangu-
lar samples cut from the same pellet of the initial
material were simultaneously annealed for 200 h at a
temperature of 7= 950°C and a pressure of p = 1 bar,
each in its own gas atmosphere, namely in '°O, and
130, (enrichment up to 93% of '80). The enrichment
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of the sample in 'O was determined by the weight
change and was equal to about 92%. In total, eight
pairs of (Pr, _,Eu,), ;Ca, ;CoO; samples with different
y values were prepared. The similarity of the oxygen
isotope composition in the sample to that in the gas
medium indicated that the thermal equilibrium was
achieved during the annealing process. Note also that
the mass of a sample annealed in 'O, remained
unchanged within the experimental error during the
prolonged heat treatment. Thus, we can conclude that
the used annealing procedure does not change the
oxygen stoichiometry in the compounds under study.
The X-ray diffraction analysis demonstrated the sin-
gle-phase state of the samples. The specific heat was
measured using a Quantum Design PPMS instrument
by the two-tau relaxation technique.

3. RESULTS AND DISCUSSION

The temperature dependence of the specific heat
Cx(T)/T for the samples with the compositions from
the phase diagram regions corresponding to high and
low Eu contents is shown in Fig. 2 along with the spe-
cific heat of the nonmagnetic Eu, ,Ca, ;C0'°O, sample
containing Co3* in the low-spin state [8]. The latter
sample is used as a reference isostructural analog of the
compound with the pure phonon specific heat at 7' >
10 K. The observed features in Cp/ T indicate the spin-
state transitions for the samples with y = 0.22 and 0.26.
The isotope shift of the spin-state transition point is
clearly seen. At very low temperatures, an increase in
Cp/Tis observed. The detailed analysis of the temper-
ature and magnetic field dependences of the specific
heat performed in [8] demonstrated that this increase
is due to the arising ferromagnetic ordering in the
dilute system of Co** ions in the nonmagnetic matrix
formed by the low-spin Co’* ions. A similar interpre-
tation is also valid for the specific heat of the
Eu,,Ca,;Co0'°0; sample. The temperature depen-
dence of the specific heat for the sample with a low Eu
content (y = 0.14) does not exhibit a peak correspond-
ing to the spin-state transition. A shoulder corre-
sponding to the absence of a pronounced phase transi-
tion in the presence of competing types of exchange
interaction is instead observed in a wide temperature
range below 100 K. It can be assumed that the lattice
contribution to the specific heat is the same, whereas
the magnetic contributions to the specific heat repro-
duce the characteristic features of the ordering for Co
ions in different spin states. Note that the specific heat
at high temperatures is determined mostly by phonons
(C,,») and the specific heat plots for '*O-enriched sam-
ples at these temperatures lie systematically higher
than those corresponding to the samples with the
lighter oxygen isotope.

To analyze the isotope effect in the specific heat,
the logarithmic derivative of the specific heat with
respect to the isotope mass of the ith element f3; =
0In(C,/T?)/0In M, or its finite-difference representa-
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Fig. 2. Temperature dependence of the specific heat for
(solid lines) (Pry_ yEuy)0.7Ca0_3Col6O3, (dashed lines)

(Pr; _,Sm))g7Ca3C0'%03, and (dash—dotted lines)
Eu0_7CaO'3C016O3 samples.

tion determined from the experimental data, 3, =
ACpM,;/CpAM,, is commonly used. The B; value can be
found both for each kind of atoms (i) with the average
mass M; and for the unit cell as a whole having mass M.
The specific heat C, is assumed to be close to C),
according to the estimate given in [9]. For the lattice
specific heat, 3, is always positive. In the low-temper-
ature limit of the Debye model, it can be written as
B;=3M,/2M.

Figure 3 shows the temperature dependence of the
coefficient By, for the '°0 and '*0 oxygen isotopes, cal-
culated using the experimental data for the specific
heat (see Fig. 2). Since the high-temperature values of
the specific heat are close to those given by the
Dulong—Petit law, C;,= 15R = 125 J/(K mol), we can
conclude that C= C,, and nearly all of the acoustic and
optical phonon modes are excited. In this situation,
the value of B should decrease down to zero with an
increase in the temperature near the Debye tempera-
ture T, and the characteristic temperatures T corre-
sponding to the Einstein modes. To estimate the iso-
tope effect in Cy,, let us use a simple representation for
the specific heat as a sum of the Einstein E(7g) and
Debye D(Tp) functions

Cio ¢ D(Tp) + E(Tg). (1

Assuming that Ty, oc M2 and Ty oc Mg, it is pos-
sible to obtain a good high-temperature fit for the
experimental Bo(7) plot (see Fig. 3) using the values
Tz = 500 K and T, = 630 K, which are close to the
published data (see, e.g., [9]). With a decrease in the
temperature, the calculated value of By(7) becomes
substantially larger than the experimental values due
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Fig. 3. Temperature dependence of the oxygen isotope
parameter Bq for (Pry _ ,Euy)g 7Cag 3C003 with y = (tri-
angles) 0.26, (squares) 0.22, and (circles) 0.14. The stars
are the experimental data for ZnO [10]. The symbols are
connected by solid lines. The solid, dashed, and dash—dot-
ted lines correspond to the calculations by Egs. (1), (2),

and for ZnO [10], respectively.

to the exponential temperature dependence charac-
teristic of the Einstein function.

Another method to estimate Bo(7) is to use the
well-known relation

_8In(Cy/T) _ 1(8In(C,/T)
P=—Zmm = E( oInT +3)’ @

which is well verified for monatomic solids, but also
gives a quite precise estimate for B(7) in diatomic crys-
tals [10—12]. Using the Cp(T) values measured for
Eu,,Ca,;C0'°0O; as the phonon contribution to the
specific heat, it is possible to calculate 3. The high-
temperature 3 values found without additional fitting
parameters agree quite well with the experimental
data. This is evidence of the fact that the isotope effect
at high temperatures is attributed to the shift in the fre-
quency of optical (oxygen) vibrations. The peak
observed at T < 50 K evidently results from the vibra-
tions of heavier atoms since the left-hand side of
Eq. (2) includes the derivative with respect to the total
mass of the unit cell, whereas the changes in the oxy-
gen mass provide only a small contribution to these
vibrations.

It is interesting to compare the isotope effect in
cobaltites with the results obtained for simpler
diatomic compounds. From this viewpoint, the zinc
oxide crystal ZnO seems to be the most suitable. The
M/ M ratios for ZnO and (Pr, _ Eu ), ,Ca, ;C00; are
very close to each other. The experimentally deter-
mined parameter Bo(7) and its values found in the ab
initio calculations [10] are shown in Fig. 3. There is a
good agreement between the data for ZnO and
(Pry _,Eu,),;Cay3;C00;. The temperature depen-
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dences of the parameter [ for both materials coincide
very well. It is quite probable that By(7) in ZnO cor-
rectly describes the contribution of the lattice specific
heat to the isotope effect in cobaltites in the entire
temperature range. Under such an assumption, the
magnetic contribution to the isotope effect can be sep-
arated. Upon cooling, B,(7) increases in the samples
with a high Eu content. This behavior indicates a fast
increase in the magnetic contribution to the specific
heat in the samples with the heavier oxygen isotope
(see Fig. 2). As a result, the shape of the B4(7) plot is
similar to the temperature derivative of the specific
heat in the vicinity of the spin-state transition. In the
samples with a low Eu content, B,(7) follows the
behavior of the lattice isotope parameter for ZnO
deviating from it only in the close vicinity of the ferro-
magnetic transition. In the latter region, Bo(7)
becomes negative owing to an increase in the magnetic
contribution to the specific heat with a decrease in the
mass of the oxygen isotope. The magnetic contribu-
tion to B(7) turns out to be large enough to exceed
the positive contribution from the lattice specific heat.
It is interesting that the isotope effect for the samples
with the high Eu content also becomes negative at very
low temperatures. This confirms the conclusion drawn
in [8] that a certain amount of the ferromagnetic phase
exists even in the samples with y = 0.26, which are far
away from the ferromagnetic region of the phase dia-
gram (see Fig. 1).

The 'O — 80 oxygen isotope substitution leads
to significant changes in the behavior of the tempera-
ture dependence for all of the measured quantities. We
observe a pronounced isotope effect for the tempera-
ture of the spin-state transition in the insulating
region, whereas it is nearly absent in the ferromagnetic
phase. However, the oxygen isotope substitution shifts
the Tgs(y) and Ty (y) phase boundaries in the similar
way toward the lower Eu content. This means that the
static distortions related to the changes in the average

ionic radius (r,) are equivalent to a certain extent to

the dynamical lattice distortions manifesting them-
selves at the isotope substitution. However, the under-
lying physical mechanisms can be different. An
increase in the Eu content leads to the broadening of
the 7,,—e, band due to the crystal-field splitting accom-
panied by the stabilization of the low-spin state. The
isotope substitution leads to the narrowing of the
effective conduction band. In this case, the narrowing
of the e, band in the '8O-containing samples leads to
an increase in the #,,—e, gap and to the corresponding
increase in the spin-state transition temperature 7gg.
All of these transformations occur at the boundary
between the low-spin and intermediate-spin states,
where any change in the width W of the band leads to
the appreciable shift of the phase equilibrium and thus
to the pronounced enhancement of the isotope effect.
As a result, the temperature Tgg for the samples with

2010



ISOTOPE EFFECT AND CHARACTERISTIC FEATURES OF THE PHASE DIAGRAM

130 turns out to be significantly higher than that for the
samples with °O.

In the LS region of the phase diagram at a low Eu
content, the isotope effect is small and has the oppo-
site sign. It is assumed that the ferromagnetic transi-
tion is due to the double-exchange interaction and the
transition temperature Ty, is proportional to the
width of the effective conduction band, which
decreases at the '°0O — 80 oxygen isotope substitu-
tion. The corresponding isotope effect is rather weak,
because it is associated with itinerant electrons weakly
coupled to the lattice, although the band width is
renormalized due to the electron—phonon interac-
tion. In contrast to the situation in manganites, the
electrical conductivity is high enough on both sides of
the ferromagnetic transition to screen the Jahn—Teller
distortions of the lattice, which enhance the effect of
the oxygen isotope substitution.

In the samples with the high Eu content corre-
sponding to the region with localized electrons, the
lattice effects are strong because the spin-state transi-
tion is accompanied by the lattice distortions and the
increase in the contribution of lattice degrees of free-
dom leads to a pronounced isotope effect. This is sim-
ilar to the situation in manganites, where the isotope
effect is attributed to the competition between the
states of the charge-ordered insulator and the ferro-
magnetic metal [13].

4. CONCLUSIONS

Using the whole set of the results and according to
the phase diagram involving the magnetic and spin-
state transitions, we can conclude that the 10 — 180
oxygen isotope substitution shifts the phase bound-
aries toward a lower Eu content. An increase in the
oxygen mass as well as in the Eu content gives rise to
an increase in the temperature 7gg and to a slight
decrease in the temperature 7Tgy. It is reasonable to
suggest that an increase in the isotope mass leads to the
increased crystal-field splitting of electron levels and
to the stabilization of the low-spin state. The effect of
oxygen isotope substitution on the specific heat mani-
fests itself in the form of two contributions, lattice and
magnetic. The lattice contribution always results in the
positive isotope effect. The value and sign of the mag-
netic contribution are determined by the type of the
magnetic transition. An increase in the effective width
of the band with the oxygen isotope mass leads to the
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stabilization of the low-spin state and to the pro-
nounced increase in Tgg under the conditions of the
insulator-like spectrum of the charge carriers. In con-
trast, a slight decrease in Ty with an increase in the
oxygen isotope mass in the ferromagnetic composition
range is likely attributed to the specific features of the
double-exchange mechanism, which is efficient on
both sides of the transition due to the metallic-like
behavior of the conductivity.
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