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Abstract
Both differential scanning calorimetry and powder neutron diffraction have
been applied to investigate an oxygen isotope effect on the metal–insulator
(MI) transition in layered cobaltites RBaCo2O5.5 (R = Pr, Dy, Ho and Y). For
all the compounds it was found that 18O substitution increases the transition
temperature TMI by about 2 K. A small negative isotope-effect coefficient
α0 ∼ −0.06 indicates that a delocalization of the pdσ holes in the Co3+ high spin
state (rather than a spin-state transition) can be responsible for the MI transition,
in agreement with density-functional calculations (Wu 2003 J. Phys.: Condens.
Matter 15 503).

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The oxygen deficient layered double perovskites RBaCo2O5+δ (where R = rare earth element)
are being increasingly studied because of their interesting magnetic and transport properties.
In particular, the materials with δ = 0.5 exhibit a metal–insulator (MI) as well as successive
paramagnetic (PM) → ferromagnetic-like (FM) → antiferromagnetic (AFM) transitions,
which are related to an interplay between spin, charge and orbital degrees of freedom of
the cobalt ions [1–5]. In RBaCo2O5.5 (δ = 0.5) only Co3+ ions are present, which are sited in
ideally alternating octahedral CoO6 and pyramidal CoO5 environments. Depending on the ratio
of the crystal field �cf and the intra-atomic �ex exchange energies, Co3+ ions can be stabilized
either in low-spin (LS) state (t6

2ge0
g, S = 0), intermediate-spin (IS) state (t5

2ge1
g, S = 1) or

high-spin (HS) state (t4
2ge2

g, S = 2). The IS state of Co3+ leads to a Jahn–Teller (JT) distortion
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of the oxygen octahedra in the structure4. It was shown in the past that perovskites containing
JT cations show oxygen isotope effects (OIEs) on many physical properties. These were
intensively studied in the case of superconducting cuprates (see e.g. [6, 7] for reviews) but also
for giant magnetoresistive (GMR) manganates [8] and nickelates [9]. For both manganates
and nickelates large (up to 20 K) OIEs have been found on the Curie temperature TC and
the MI transition temperature TMI, respectively. All these experiments strongly suggest
that lattice vibrations play an important role for many properties of the perovskites such as
superconductivity, GMR and MI transition.

Layered cobaltites RBaCo2O5.5, similar to nickelates, show MI transitions in the
temperature range 300 K < TMI < 340 K (depending on R), which is accompanied by
a lattice distortion [1–5, 10–14]. The driving mechanism for the transition as well as the
Co3+ spin state in both metal and insulator state remains controversial. In fact, all possible
spin states have been claimed from neutron diffraction [4, 15, 16], synchrotron x-ray [10],
spectroscopic [17, 18] and thermodynamic [4, 12, 13, 19] measurements as well as from
band structure calculations [20–22]. Studies performed on YBaCo2O5.5 have shown that TMI

coincides with TPM−FM [14]. On the other hand, in RBaCo2O5.5 with R = Tb, Gd, Ho
TMI is remarkably higher than TPM−FM [4, 11, 23, 24]. Thus, it is difficult to conclude if a
correlation between these two transitions exists. A similar situation was previously observed
in nickelates where TMI �= TN (Néel temperature) [25]. Consequently, it was concluded that
the MI transition in nickelates is not of magnetic origin [9]. Additionally, observations of a
large OIE on TMI suggested an existence of Jahn–Teller polarons narrowing the conduction
bandwidth [26]. This narrowing is more pronounced for the heavier oxygen isotope, leading to
an experimentally stated increase of TMI [9]. If a similar polaronic picture is valid for cobaltites
the MI transition should also be influenced by the oxygen isotope doping. Until now, however,
no studies concerning the oxygen isotope effect in the case of cobaltites have been reported.

In this work differential scanning calorimetry (DSC) measurements have been performed
for selected RBaCo2O5.5 samples substituted with 16O- and 18O-isotopes and oxygen contents
close to 5 + δ = 5.5. They, together with some structural data, taken from neutron powder
diffraction (NPD) on HoBaCo2O5.48, have permitted us to detect unambiguously the oxygen
isotope effect on MI transition in this layered double-perovskite family.

2. Experiment

The samples RBaCo2O5+δ (R = Pr, Dy, Ho and Y) were synthesized by a solid state reaction
using rare earth oxides, BaCO3 and Co3O4 of a minimum purity of 99.99%. The respective
amounts of starting reagents were mixed and calcined at temperatures of 1000–1150 ◦C for at
least 100 h in air, with several intermediate grindings. The last annealing was performed in
oxygen flow at 1050 ◦C (20 h) with slow 60 ◦C h−1 cooling. Oxygen exchange was performed
using an experimental set-up as shown previously [27]. In order to ensure the same oxygen
content for both 16O- and 18O-substituted samples, simultaneous annealing was performed in
separate chambers (in 16O2 and 18O2 gas, respectively) at the same temperature and oxygen
pressure (1.2±0.02 bar). The exchange was performed at 600◦C for several hours, followed by
cooling with a rate 100 ◦C h−1 down to 450 ◦C and further 15 ◦C h−1 down to room temperature.
Isotope 18O content in the samples could be measured in situ using mass spectrometry and
then after the exchange evaluating the weight enlargement of the sample. Additionally,
thermogravimetry was used to measure 18O content in the samples after a back-exchange

4 Note that the HS state is also JT active, since it has one electron in the t2g spin down shell. However, the JT effect
for the t2g orbitals is much smaller than for the eg orbitals. The LS state is not JT active.
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with natural oxygen (99.8% isotope 16O). For all our 18O samples the isotope content was
larger than 85%. For YBaCo2O5+δ, DyBaCo2O5+δ and HoBaCo2O5+δ, after oxygen exchange
δ = 0.49, 0.54 and 0.48 respectively have been determined by iodometry with an accuracy of
±0.01 [28]. All these values are very close to 0.5, at which a strong MI transition has been
reported. For PrBaCo2O5+δ a larger oxygen content δ = 0.81 has been found. Therefore,
the last samples (both 16O and 18O substituted) had to be reduced to δ = 0.5 before the
measurements. Our previous experiments showed that the best method is equilibration of the
samples in closed ampoules with an appropriate amount of copper powder (getter substance)
which reacts with oxygen [29, 30]. Thus, for each sample (16O and 18O substituted) an alumina
crucible with powdered sample of exactly known weight and oxygen stoichiometry was placed
in a quartz ampoule together with an exactly weighed copper powder in another crucible. The
ampoule was then sealed under vacuum and heated up to 850 ◦C for 10 h followed by a slow
cooling (5 ◦C h−1) in order to ensure a homogenous oxygen distribution. Additionally to this,
a series of 16O samples with different oxygen contents within the range 0.4 < δ < 0.6 has
been prepared in order to investigate a possible influence of the oxygen stoichiometry on the
MI transition temperature. For all the samples phase purity was checked with a conventional
x-ray diffractometer (Siemens D500).

Differential scanning calorimetry (DSC, Netzsch DSC 204F1) was used in this work, as
it has been shown in the past [9, 14] that strong DSC peaks are observed at the metal–insulator
transition. DSC experiments were performed during heating with a rate of 10 K min−1 using
30 mg powder samples encapsulated in standard Al crucibles. An argon stream was used
during the whole experiment as protecting gas.

Neutron powder diffraction experiments were carried out at the SINQ spallation source of
the Paul Scherrer Institute (Switzerland). The crystal structures of the samples were determined
from the data taken with the high-resolution HRPT diffractometer [31] with the neutron
wavelength λ = 1.49 Å. The refinements of the crystal and magnetic structure parameters
were carried out with the FULLPROF [32] program.

3. Results

Layered RBaCo2O5.5 cobaltites are strongly oxygen nonstoichiometric compounds. Therefore,
to measure the oxygen isotope effects, one has to be sure that the oxygen stoichiometries are
equal within a pair of the substituted samples. Chemical methods of analysis are not always
precise enough to rule out possible doubts. Therefore, it is extremely important to know to
what extent oxygen content can influence the physical property assumed to be affected by the
oxygen isotope substitution.

Figure 1 shows the DSC signal taken from PrBaCo2O5+δ samples with oxygen
stoichiometries 0.4 � δ � 0.55. The measurements reveal a sharp transition which
corresponds to the MI transition (compare e.g. [4, 14]). Note that another high-temperature
structural transition was observed at T ∼ 770 K (see inset in figure 1), whose origin was
investigated by high resolution neutron diffraction and will be discussed elsewhere [33].

Figure 2 shows quantitatively oxygen content dependence of the MI transition temperature
(DSC peak position) and heat of the transition (DSC peak area). It has to be noted that unless
the absolute oxygen determination error of the iodometric titration is about ±0.01, the relative
(sample to sample) error of the oxygen content in the series is much smaller. This is because
the oxygen content for the samples in the investigated series depends on the amount of the
getter, which can be very precisely weighted. It is evident from figure 2 that around δ = 0.50
for �δ = 0.01 (uncertainty of the iodometry) a 2–3 K shift of the MI transition temperature
can be expected. This should be, however, accompanied by a simultaneous change of the
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Figure 1. DSC measurements of the metal–insulator transition for PrBaCo2O5+δ samples with
different δ values. The inset shows the temperature dependence 250 K < T < 800 K of the
DSC signal taken from PrBaCo2O5.475. Additionally to the metal–insulator transition, the second,
high-temperature transition is clearly observed.

δ)

Figure 2. DSC measurements of peak temperatures (circles) and heat transitions (squares) at
metal–insulator transition for PrBaCo2O5+δ samples with different δ values. The lines are guides
to eyes.

transition heat of about 0.4 kJ mol−1. As the transition heat can be measured by DSC with
much higher precision, a possible discrepancy in the transition heat for 16O- and 18O-sample
pairs can be used as a measure of inequality in oxygen content.

Table 1 and figures 3(a)–(d) summarize the results of the DSC measurements for four
pairs of the 16O and 18O substituted RBaCo2O5+δ samples with different rare earth cations.
The table shows average results together with standard deviations calculated from the results
of three to five measurements. For all the pairs of substituted samples, pronounced shifts of the
transition temperatures TMI have been stated. We are convinced that these shifts do not originate
from an oxygen content inequality as the relevant transition heats for 16O and 18O samples
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Figure 3. DSC measurements for 16O and 18O substituted RBaCo2O5+δ samples.

Table 1. Results of DSC study of RBaCo2O5+δ samples substituted with 16O and 18O.

16O 18O

Peak temp. Heat Peak temp. Heat
Sample (K) (kJ mol−1) (K) (kJ mol−1)

PrBaCo2O5.50 343.6(4) 4.93(12) 345.9(3) 4.90(7)
DyBaCo2O5.54 317.9(2) 3.57(6) 319.6(1) 3.67(6)
HoBaCo2O5.48 303.8(1) 4.48(13) 306.0(1) 4.50(5)
YBaCo2O5.49 297.1(3) 2.89(11) 299.1(3) 2.74(13)

are identical within the measurement errors. The temperature shift observed for the metal–
insulator transition (∼2–3 K) substantially exceeds the uncertainty of the measurements, and
therefore we conclude that the MI transition temperature is affected by the isotope substitution.

Since an MI transition is accompanied by a jump of the lattice parameters [4, 10], the high
resolution neutron diffraction technique could be used as a complementary proof of the OIE
in the layered cobaltites. The temperature dependences of the lattice parameters have been
measured for both 16O- and 18O-substituted HoBaCo2O5.48 samples across the MI transition.
The evolution of the cell parameters is shown in figure 4. An anisotropic change of the
cell parameters and a sudden increase of the orthorhombic strain can be clearly seen. An
oxygen isotope effect of about 2 K was detected, which is in excellent agreement with our
DSC measurements. Detailed analysis of the evolution of the CoO6 octahedra and the CoO5

pyramids across the MI transition will be presented elsewhere [34].

4. Discussion

The performed experiments clearly show that the electronic properties of the studied
compounds are influenced by the lattice vibrations. Let us discuss two important results
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Figure 4. Lattice parameters and orthorhombic strain ((a − b)/(a + b) · 200) for 16O and 18O
substituted HoBaCo2O5.48 samples.

of our measurements, namely, (i) 18O substitution increases the transition temperature TMI; (ii)
the OIE is rather weak compared to that in manganates and nickelates.

The effect of oxygen isotope substitution can be generally described by an isotope-effect
exponent α0 = −d ln TMI/d ln m0, where m0 is the O isotope mass. The absolute value
of α0 = −0.06(1) obtained for layered cobaltites in this work is much smaller than those
measured for La1−x CaxMnO3+y (α0 ∼ 0.8) [8] and RNiO3 (α0 ∼ −0.85) [9]. The opposite
sign of the isotope shift for manganates and nickelates was qualitatively explained using the JT
polaron model [9]. According to this model, the gap energy Eg ∼ kBTMI of a charge-transfer
(CT) insulator can be expressed as a difference between the charge-transfer energy �CT and
half of the bandwidth W , i.e., kBTMI = �CT − W/2. The JT polaron reduces the bandwidth
by means of an exponential renormalization factor W = Wb exp(−γ Ejt/h̄ω), where Ejt is the
JT energy and ω is the frequency of the active JT mode [35, 36]. In view of the fact that ω is
inversely proportional to

√
m0, one can expect a rise of TMI by increasing the O isotope mass.

On the other hand, the Curie temperature TC of the hole-doped manganites is proportional to
W , thus the opposite effect is expected. Since RBaCo2O5.5 can be classified as a pd CT oxide,
the negative sign of α0 is in agreement with this model.

Possible Co spin-state changes accompanying the MI transition require further
clarification. It was suggested first that upon decreasing T across TMI the Co3+ ions undergo
a spin-state transition from an HS to an IS orbital-ordered (OO) state in both octahedra
and pyramids [4]. Another model implies that the driving force for the MI transition is an
HS → LS state transition of the Co3+ ions located in the octahedra, while the Co3+ ions in
the pyramids keep their IS state [10]. However, using soft x-ray absorption spectroscopy Hu
with co-workers [17] clearly demonstrated that pyramidal Co3+ ions are in an HS state. The
effective magnetic moment as extracted from the high temperature Curie–Weiss behaviour
also indicates an HS state for all Co3+ [1, 3]. Moreover, contrary to the common suggestion
that only the IS state is JT active and can couple with the lattice distortion (see, i.e., [5]), weak
octahedral/pyramidal distortions in cobaltites [4, 10] can be related to JT effect for the t2g

orbitals in an HS state. This can explain the fact that the OIE observed in cobaltites is much
smaller than that in manganates and nickelates.
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By means of density-functional theory calculations it has been found that an MI transition
can take place for the (almost) HS state of Co3+ due to a delocalization of the pdσ holes
in the Co3+ HS state [22]. Simultaneous electron transfer gives rise to the experimentally
observed lattice anomaly at TMI. Recent resistivity measurements under pressure p = 2.6 GPa
on TbBaCo2O5.5 reveal rather a small (<1 K GPa−1) pressure coefficient of TMI [37], also
suggesting a weak change of the spin states at the MI transition. Thus, we suppose that the
small negative isotope-effect coefficient α0 supports the hole delocalization in the Co3+ HS
state as a cause for the MI transition in layered cobaltites.

5. Conclusions

Differential scanning calorimetry proved to be a very powerful method in detecting MI
transitions in the oxygen deficient layered double perovskites RBaCo2O5+δ. We found for
the first time that the transition temperature TMI is increased by about 2 K (α0 ∼ −0.06) upon
16O → 18O substitution. Moreover, our results suggest that the observed MI transition is due
to hole delocalization in the Co3+ HS state, rather than a spin-state transition, in agreement
with recent density-functional theory calculations [22].
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