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Abstract
The effect of 16O → 18O isotope substitution on the electrical resistance,
magnetic susceptibility and neutron diffraction patterns of nearly half-doped
R1−x Srx MnO3 manganites was studied for ceramic samples with R = Sm
(x = 0.425–0.525), Nd/Tb (x = 0.45) and Nd/Eu (x = 0.45). In Nd/Tb
and Nd/Eu manganites, the composition was chosen to yield the same mean
ionic radius as in the Sm compound, but the samples differed in the cation
disorder parameter σ . The oxygen isotope substitution leads to fundamental
changes in the phase diagram of the manganites studied, favouring enhanced
inhomogeneity, stabilizing the insulating antiferromagnetic (AFM) state and
even causing a metal–insulator transition (MIT). The MIT induced by the
oxygen isotope substitution was found here for the first time in manganites
with A-type AFM; earlier this unusual phenomenon was observed only for
compounds with the CE-type AFM structure. This suggests that such a MIT is
closely related to the ferro–AFM crossover independently on the specific nature
of the AFM phase and related orbital order.
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1. Introduction

Recent experimental and theoretical studies clearly demonstrate the importance of the existence
of various-scale phase separation in the perovskite manganites R1−x Ax MnO3, where R is a
rare earth element and A is an alkaline earth element. Both microscopic (∼15–20 Å) and
mesoscopic (∼500–2000 Å) phase separation have been experimentally revealed (see, for
instance, [1–3] and references therein) and theoretically analysed [4–6].

The mesoscopic phase separation, which at low temperatures often manifests itself in
the form of an incoherent mixture of ferromagnetic (FM) metallic and antiferromagnetic
(AFM) insulating domains, is most clearly pronounced near the crossover between metallic and
insulating states, where their ground state energies are close to each other. A good example
of such behaviour is provided by the (La1−yPry)0.7Ca0.3MnO3 compound with y = 0.75,
where, as a consequence of the phase separated state, the giant oxygen isotope effect (a
metal–insulator transition induced by 16O → 18O substitution) is seen [7]. The neutron
diffraction experiments on this compound revealed that the changes in electrical transport
properties correlate with the changes in magnetic structure: upon temperature lowering
the sample with 16O undergoes successive antiferromagnetic (with the CE-type ordering,
TN = 145 K) and ferromagnetic (TC = 115 K) transitions, resulting in an incoherent mixture
of ferromagnetic and antiferromagnetic regions, while in the sample with 18O an homogeneous
AFM structure of CE type (TN = 145 K) is found [8].

Extending these investigations to other systems, we studied the effect of oxygen isotope
substitution on the transport properties and magnetic structure of Sm1−x SrxMnO3 manganites
with x close to 0.5, i.e. in the region where the hole doping is changing to the electron
one. Such a crossover could also favour the phase separation. Indeed, for Nd1−x SrxMnO3

it was found [9, 10] that near x = 0.5 (at the boundary between ferromagnetic–metallic
(FM–M) and antiferromagnetic (A-type)–metallic (AFMA–M) phases) there appears also a
antiferromagnetic (CE-type) charge ordered insulating (AFMCE–CO–I) phase.

The average A-type cation radius, 〈rA〉, in the Sm1−x Srx MnO3 (SSM-x hereafter)
compound is only slightly smaller than in the Nd–Sr system and one may expect similar
behaviour from the viewpoint of phase coexistence. The first phase diagram for SSM perovskite
constructed using data on electrical resistance, magnetization and electron diffraction was
reported in [11]. It exhibits a broad region of ferromagnetic metallic state at 0.3 < x � 0.52,
the existence of which was related in [11] to the rather large 〈rA〉 in the Sm–Sr system. The
neutron powder diffraction study of Sm0.6Sr0.4MnO3 provided an opportunity to reveal [12, 13]
the coexistence of FM and AFM ordering at low temperatures and the unusual large coherent
Jahn–Teller distortions of the oxygen octahedra, which remain even in the FM–M state.

In [14], a pronounced oxygen isotope effect was reported for Sm–Sr compositions close
to x = 0.5 and even a transition to the insulating state (at x = 0.475 and 0.5) was observed. To
achieve a better understanding of the high sensitivity of all physical properties of SSM-x
to small changes in the composition, we also performed neutron diffraction studies of
Sm1−x SrxMnO3 compounds [15]. In the present paper, we review the results obtained earlier
and report new important data on structural and magnetic isotope effects in R1−x Srx MnO3 with
x = 0.425, 0.450, 0.475, 0.500 and 0.525 for R = Sm; and with x = 0.450 for R = (Nd/Tb)

and (Nd/Eu) [14–16]. The relative Nd/Tb and Nd/Eu content was matched to make the average
ionic radius 〈rA〉 equal to 〈rA〉 in SSM-x .

2. Experimental details

Ceramic samples of R1−x Srx MnO3 were prepared by the so-called ‘paper synthesis’ technique.
An aqueous solution of a mixture of metal nitrates in the required ratios was deposited on an
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ash-free paper filter, which was dried (120 ◦C) and then burnt. The synthesis was performed
in air at 700 ◦C for 2 h. Finally, the pressed pellets were annealed at 1200 ◦C for 12 h.

The oxygen isotope exchange 16O → 18O was performed at T = 950 ◦C at pressure p = 1
bar for 500 h using the method reported in [7]. Two samples were treated simultaneously: one
was heated in natural 16O2; the other one was heated in 18O2 (92% enrichment).

The resistivity of the samples was measured by the conventional four-probe technique
in the temperature range from 4.2 to 300 K. The measurements of the real part of the ac
magnetic susceptibility χ(T ) were performed in an ac magnetic field with frequency 667 Hz
and an amplitude of about 0.4 Oe. Neutron diffraction experiments were performed on several
instruments: G4.1 and G4.2 at Laboratoire Leon Brillouin (Saclay, France), DMC at the
Paul Scherrer Institute (Villigen, Switzerland) and HRFD at the Frank Laboratory of Neutron
Physics (Dubna, Russia). For samples with Sm, we used the 152Sm isotope, which allowed us
to significantly reduce the absorption coefficient.

It is evident that the necessary condition for correct comparison of the results obtained
on the samples with different oxygen isotopes is their identity from the point of view of
oxygen content. Our x-ray diffraction studies for the Sm–Sr system demonstrated the structural
identity of the samples with different isotopes. There were no significant changes in the lattice
parameters even after annealing the samples in argon. This is a good indication that the
stoichiometry of the samples is not affected by the oxygen isotope substitution.

Our previous neutron diffraction studies of the LPCM-y system (see details in [8, 17])
also showed that the procedure, which is used for sample preparation, maintains the oxygen
stoichiometry with quite high precision. For instance, the analysis of the lattice parameters as
a function of the oxygen content demonstrated that the difference in these parameters for the
samples with 16O and 18O isotopes is about or less than ±0.002.

3. Macroscopic properties

In figures 1(a) and (b), we present the temperature dependence of the electrical resistivity
measured for all samples under study, with both 16O and 18O isotopes. It turned out that
the samples annealed in 16O pass to the metallic state at all values of x , except x = 0.525,
whereas the 18O-substituted samples become metallic only for two compositions (x = 0.425
and 0.450); the other samples are insulators over the whole temperature range. Therefore,
for compositions with x = 0.475 and 0.500, the oxygen isotope substitution leads to the
transformation from the metallic to the insulating state at low temperatures (see the inset to
figure 1(a)). A relatively low magnetic field (H = 1 T) transforms these samples with 18O
again to the metallic state (see the inset to figure 1(b)).

The temperature dependence of the magnetic susceptibility χ for the samples with 16O and
18O is shown in figures 2(a) and (b), respectively. For samples with 16O and x = 0.425, 0.450
and 0.475, χ(T ) behaves in a similar manner (as far as the magnitudes of χ and TC are
concerned). The Curie temperature TC was determined as a point corresponding to the
maximum value of dχ(T )/dT . For x = 0.500, the χ value drops drastically and shifts toward
lower temperatures. This is a signature of the decreasing contribution of the FM phase. For
the composition with x = 0.525 the susceptibility becomes very small and the ferromagnetism
almost disappears.

The samples with 18O are characterized by a wider temperature hysteresis as compared to
the similar compositions with 16O. The measurements of magnetic susceptibility for the
samples with 18O demonstrate that the content of FM phase strongly decreases with the
growth of the Sr concentration. Eventually, the FM phase content becomes insufficient for
the formation of the percolation paths over the FM metallic regions and the samples become
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Figure 1. Temperature dependence of the electrical
resistivity for Sm1−x Srx MnO3 samples with x = 0.425
(1), 0.450 (2), 0.475 (3), 0.500 (4) and 0.525 (5). The
results for samples with 16O and 18O are presented
in panels (a) and (b), respectively. Solid and dashed
curves correspond to cooling and heating, respectively.
The inset in panel (a) illustrates the metal–insulator
transition induced by the oxygen isotope substitution for
the samples with x = 0.500. The inset in panel (b) shows
the magnetic field dependence of the ρ(T ) curves for the
x = 0.500 sample with 18O.

Figure 2. Temperature dependence of the ac magnetic
susceptibility for Sm1−x Srx MnO3 with x = 0.425 (1),
0.450 (2), 0.475 (3), 0.500 (4) and 0.525 (5). The
behaviour of the inverse susceptibility is illustrated in
the insets. The results for samples with 16O and 18O
are presented in panels (a) and (b), respectively. Solid
and dashed curves correspond to cooling and heating,
respectively.

insulating. This is the case for x = 0.475 and 0.500, according to the ρ(T ) data. As a result,
we see that the 16O → 18O isotope substitution in Sm1−x Srx MnO3 causes significant changes
in the phase diagram at the crossover between the FM–M and AFM–I regions.

4. Neutron diffraction studies

The implementation of a neutron diffraction to the study of the crystal and magnetic structure
of Sm-containing manganites is quite problematic due to the very large neutron absorption in
natural samarium. However, the situation can be substantially improved by using samples
with the 152Sm or 154Sm isotopes for neutron diffraction experiments. The first neutron
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Figure 3. Neutron diffraction patterns of 152Sm0.5Sr0.5MnO3 samples with 16O (a) and 18O (b).
The most intense AFM and FM peaks are indicated. The broad peak in the SSM–16O pattern
originates from the sample environment.

studies dealt with the x = 0.400 composition [12, 13]. The neutron powder diffraction
combined with the measurements of the second harmonic in the magnetic susceptibility
and the low angle polarized neutron scattering provide an indication, in particular, of the
existence of FM clusters with dimensions larger than 1000 Å in the paramagnetic matrix
above the Curie temperature TC. Below TC ≈ 110–120 K three magnetic phases—FM,
AFMA and AFMCE—coexist, similarly to the case for the Nd–Sr system. In [18], the
SSM-45 composition was investigated by means of neutron diffraction at several particular
temperatures. In [18], the main attention is focused on the paramagnetic phase where the
FM clusters with the characteristic size of about 8 Å are observed. These clusters are
embedded into the orbitally and charge ordered (but without long range order) insulating
matrix. Low temperature results suggest the existence of only FM ordering with µFM ≈
3.4 µB.

The following detailed neutron diffraction experiments with 152Sm0.55Sr0.45Mn16O3,
152Sm0.55Sr0.45Mn18O3 and 152Sm0.5Sr0.5Mn16O3, 152Sm0.5Sr0.5Mn18O3 demonstrated a good
agreement with the aforementioned data on the temperature dependence of the resistivity and
magnetic susceptibility and, furthermore, these studies allowed us to determine unambiguously
the types of magnetic ordering and their evolution with temperature. For SSM-45–16O, the
existence of only FM phase (TC ≈ 120 K, µFM = 3.24 µB) was established, while in SSM-
45–18O an inhomogeneous state, FM + AFMA (µFM = 0.8 µB, µAFM = 1.7 µB), was found
below 100 K. Vice versa, the SSM-50–16O was found in a mixed FM (µFM = 2.8 µB) and
AFMA (µAFM = 1.9 µB) state with dominant FM phase, whereas the ground magnetic state
for the SSM-50–18O sample is purely A-type antiferromagnetic (µAF = 1.7 µB), as illustrated
in figure 3. The reduced ordered magnetic moment in SSM-50–18O is an indication that the
AFM phase fills only a part of the sample volume. The mean ordered magnetic moment at
the Mn ion in SSM-50–16O (µMn = (µ2

FM + µ2
AFM)1/2) is equal to 3.4 µB. This value is very

close to the expected mean value, calculated under the assumption that the structure contains
50% Mn3+ (µ = 4 µB) and 50% Mn4+ (µ = 3 µB). Assuming that the magnetic moments of
the Mn ions are the same in the FM and AFM phases, one can find that these phases occupy
approximately 68% and 32% of the sample volume, respectively.
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Figure 4. Phase diagram for Sm1−x Srx MnO3 with 16O (a) and 18O (b): the region with vertical
hatching corresponds to the FM phase in 16O samples; the region with horizontal hatching is the
region of the AFM phase in 16O and 18O samples; the region with diagonal hatching is the phase
separation region (FM + AFM) in 16O and 18O samples.

5. Phase diagram

On the basis of the whole set of our results, we are able to draw and compare the phase
diagrams of Sm1−x Srx MnO3 with both oxygen isotopes (see figure 4). The special feature of
the SSM-x–16O phase diagram is the existence a narrow band (0.425 � x � 0.475) with a
FM–M state between phase separated regions with FM–M and AFMA phases. The prerequisite
for such behaviour can be found in the phase diagram for Ln0.5Sr0.5MnO3 system [19], where
the temperature of transition into magnetically ordered state as a function of 〈rA〉 is shown.
The same type of phase diagram as for SSM-x–16O was found for Nd1−x Srx MnO3 (see, for
example, [20]) but with a much wider FM region.

The comparison of the changes in SSM-x phase diagrams due to the oxygen isotope
substitution (16O by 18O) shows that they are first of all related to the suppression of stability for
the ferromagnetic metallic state: (1) the isotope substitution is accompanied by the appreciable
lowering of the Curie temperatures for all compositions; (2) a narrow region of existence for
the homogeneous ferromagnetic state disappears; (3) the AFM ordering is observed now for
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Table 1. Characteristic parameters of the compounds under study.

Composition σ 2 (Å2) TC (K) ρmax (� cm)

Sm0.55Sr0.45MnO3 7.85 × 10−3 126 65
(NdEu)0.55Sr0.45MnO3 8.05 × 10−3 114 111
(NdTb)0.55Sr0.45MnO3 8.48 × 10−3 80 5520

all compositions under study. The isotope effect in the concentration region under study is
evidently asymmetric: the suppression of the ferromagnetic state is most clearly pronounced
close to x = 0.5, while near x = 0.4 it is much weaker.

Note that in the parent LaMnO3 compound, the AFM A-type ordering corresponds to the
d(3x2 − r2)/d(3y2 − r2) type of orbital ordering. With increasing doping level up to x ≈ 0.5,
the AFMCE state with checkerboard charge ordering and the same d(3x2 − r2)/d(3y2 − r2)

type of ordering of Mn3+ eg orbitals appears. However, it is most probable that in the SSM-x
insulating phase close to x = 0.5, we have A-type antiferromagnetism with d(x2 − y2)-type
orbital ordering, which is also compatible with checkerboard charge ordering [9, 21–23]. In this
sense, SSM-x differs drastically from the (La1−yPry)0.7Ca0.3MnO3 compound, which exhibits
a metal–insulator transition induced by oxygen isotope substitution, but with the formation of
an AFMCE state. Thus, the manifestations of the isotope effect in manganites seem to be not
closely related to the macroscopic features of their insulating state.

6. (Nd/Tb) and (Eu/Tb) compositions

To refine the specific role of Sm in producing unusual physical properties of SSM-x compounds,
we also studied (Nd1−yTby)0.55Sr0.45MnO3 and (Eu1−yTby)0.55Sr0.45MnO3 manganites, where
the relative content of rare earths Nd/Tb and Nd/Eu was chosen for retaining the same 〈rA〉
values as in Sm0.55Sr0.45MnO3. At the same time, the effect of local disorder due to size
differences between A cations is characterized by the parameter σ 2 = xir2

i − 〈r〉2, where xi

is the fractional occupancy of A site cations and ri is the corresponding ionic radius. σ 2 has a
pronounced effect on the macroscopic properties of these manganites (table 1).

Neutron diffraction study of the Nd/Tb–Sr demonstrated that in this compound as in SSM-
45, magnetic moments of Mn are ordered ferromagnetically, but additionally there exists an
ordering of magnetic moments of the rare earth cations below T ≈ 80 K (see details in [16]).

For both Nd/Tb and Nd/Eu compounds, we performed measurements of the electrical
resistivity ρ(T ) and magnetic susceptibility χ(T ) and compared them with the results of the
corresponding measurements for Sm0.55Sr0.45MnO3. We also studied the effect of oxygen
isotope substitution (16O → 18O) on these properties. In figures 5(a) and (b), we present the
temperature dependence of the electrical resistivity for the Nd/Tb–Sr, Nd/Eu–Sr and Sm–Sr
samples with 16O and 18O.

For the samples annealed in 16O, the ρ values increase with σ , ρmax increases by two orders
of magnitude and the value of the temperature TMI corresponding to the peak in resistivity (ρmax)
is shifted to lower temperatures (see the inset in figure 5(b)). The (Nd/Eu)0.55Sr0.45MnO3 and
Sm0.55Sr0.45MnO3 samples annealed in 18O remain metallic, whereas (Nd/Tb)0.55Sr0.45MnO3

transforms to the insulating state, i.e. the latter sample undergoes a metal–insulator transition
induced by the 16O → 18O isotope substitution.

In figures 6(a) and (b), we present the temperature dependence of the magnetic
susceptibility for the same samples with 16O and 18O. In figure 6(a), we can see that for
the samples with 16O, the value of the magnetic susceptibility decreases and thus the content
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Figure 5. Temperature dependence of the elec-
trical resistivity for (NdTb)0.55Sr0.45MnO3 (1),
(NdEu)0.55Sr0.45MnO3 (2) and Sm0.55Sr0.45MnO3 (3).
The results for samples with 16O and 18O are presented
in panels (a) and (b), respectively. Solid and dashed
curves correspond to cooling and heating, respectively.
The inset in panel (b) shows the TC and TMI dependence
of σ 2. TMI is determined as a point corresponding to
the maximum temperature derivative of ρ(T ) below the
resistivity peak.

Figure 6. Temperature dependence of the ac
magnetic susceptibility for (NdTb)0.55Sr0.45MnO3 (1),
(NdEu)0.55Sr0.45MnO3 (2) and Sm0.55Sr0.45MnO3 (3).
The results for samples with 16O and 18O are presented in
panels (a) and (b), respectively. Solid and dashed curves
correspond to cooling and heating, respectively.

of FM phase decreases with increase in σ 2. The replacement of 16O by 18O leads to a much
wider temperature hysteresis of the magnetic susceptibility, the volume content of FM phase
significantly decreases and phase separation arises. In (NdTb)0.55Sr0.45MnO3 sample with
18O, the FM phase almost completely disappears. A more pronounced thermal hysteresis in
ρ(T ) and χ(T ) curves was observed for the samples with 18O. It can be interpreted as a
manifestation of their enhanced inhomogeneity and a broader range of phase separation. The
relation between the degree of inhomogeneity and the width of the hysteresis was demonstrated
by the comparison of neutron and susceptibility data for the LPCM-y system [24, 25]. Thus,
the effect of 16O → 18O isotope substitution becomes more clearly pronounced with the growth
of cation disorder in A positions. On the other hand, the absolute values of the susceptibility
cannot be used directly to characterize the isotope effect because of the contribution of ordered
magnetic moments of rare earth cations.
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7. Conclusions

We found that the effect of 16O → 18O isotope substitution in complex manganese oxides
is significantly enhanced near the crossover between different types of magnetic ordering,
especially in the region corresponding to the formation of inhomogeneous states. This leads
to a metal–insulator transition induced by the oxygen isotope substitution.

The effects of 16O → 18O isotope substitution in R1−x SrxMnO3 (R = Sm, Nd/Tb and
Nd/Eu) manganites were analysed for two different cases:

(1) in Sm1−x Srx MnO3 compounds, the ground state was mainly affected by changing the
cation doping level near x = 0.5, i.e. changing the relative content of Mn3+ and Mn4+

ions;
(2) in R0.55Sr0.45MnO3, the cation disorder parameter σ 2 was changed by using Sm, (Nd/Tb)

or (Nd/Eu) as the A cation.

We have shown that the oxygen isotope substitution in R1−x SrxMnO3 with x close to
0.5 leads to fundamental changes in the magnetic phase diagrams, which in general can be
explained by the weakening of FM interactions. The region of the pure AFM insulating state
enlarges; the pure FM–M state disappears, turning into a mixture of FM and AFM phases.
A similar situation is found for the phase diagram of the LPCM-y compound with 16O and
18O isotopes [24]. The mechanisms of this isotope shift near the FM–AFM crossover were
discussed in [26, 27]. The main idea is that the decrease in the amplitude of the zero vibrations
for the heavier oxygen isotope causes a decrease in the effective electron hopping integral,
thus favouring an insulating AFM phase near the FM–AFM crossover. Therefore, the oxygen
isotope substitution shifts the energy balance between the metallic and insulating states and the
metal–insulator transition can be interpreted as a percolation effect independent of the nature
of the insulating phase.
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