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The effect of the oxygen content δ in layered NdBaCo2O5 + δ cobaltite, where 0.37 ≤ δ ≤ 0.65, on the
metal‒insulator transition, as well as on the magnetic and spin states of Co3+, is studied for the first time. An
increase in δ reduces the metal‒insulator transition temperature TMI, the antiferromagnetic ordering tem-
perature TN, and the Curie temperature TC by about 100–150 K. For all values of δ, the metal‒insulator tran-
sition occurs when the spin state of Co3+ ions changes from the HS/LS state in the metallic phase to the
IS/LS state in the semiconducting phase, whereas with an increase in δ, the spin state of Co3+ ions changes
from the IS/LS to HS/LS state. At δ ~ 0.65, a heavily doped semiconductor–bad metal transition occurs
without any change in the spin state of Co3+ ions. The ferromagnetic behavior of NdBaCo2O5 + δ in the anti-
ferromagnetic phase below TN is interpreted in terms of the metamagnetic model as the effect of the size of
the rare earth Nd3+ ion on the antiferromagnetic state in layered cobaltites.
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INTRODUCTION

Broad interest in ordered layered RBaCo2O5 + δ
cobalt oxides, where R stands for a R3+ rare earth ion
and δ is the oxygen content, is due to their unusual
magnetic and transport properties [1, 2]. They have
the layered perovskite-type crystal structure, consist-
ing of layers located along the c axis, in which ROδ and
BaO layers alternate with CoO2 layers. RBaCo2O5 + δ
compounds with δ ≈ 0.5, where R = Eu, Gd, Tb, etc.,
from the middle of the rare earth row, are studied in
the most detail [1–7]. RCo2O5.5 contains only Co3+

ions, which are located in the crystal lattice within an
equal number of CoO6 octahedra and square CoO5
pyramids [1]. They exhibit a number of successive
metal‒insulator (MI), paramagnetic (PM), ferromag-
netic (FM), and antiferromagnetic (AFM) phase tran-
sitions [1–7].

The main problem concerns the nature and driving
forces of the metal‒insulator transition in these mate-
rials. In contrast to manganites, the MI transition in
cobaltites is not related to magnetic ordering. The
properties of RBaCo2O5 + δ compounds, as well as of
LaCoO3, are unusual mainly because cobalt ions can
be in three different states: low-spin (LS), intermedi-
ate-spin (IS), and high-spin (HS) states. The energy
differences between the spin states are mostly small [8]

and can be easily overcome with a change in the tem-
perature, forming unusual sequences of structural and
other phase transitions, including the MI transition.
The structural and magnetic data [4] indicate that, in
GdBaCo2O5.5, the transition from the insulating to the
metallic phase is related to the excitation of electrons
from the LS state to the HS state corresponding to the
eg band formed by Co3+ ions in octahedra without any
changes in the IS state of Co3+ in pyramids. Although
this model contradicts the structural data, it is widely
accepted. Many researchers adhere to this model of
the metal‒insulator transition in other RBaCo2O5.50
cobaltites as well. Refinement of the paramagnetic
contribution of R3+ ions shows [9] that the transition
can occur when the spin states of Co3+ ions in octahe-
dra and pyramids change, in agreement with the struc-
tural data [4].

The size of the rare earth ion affects the crystal field
at the Co ions and, therefore, it can change their spin
state and the magnetic state of RBaCo2O5.5 [10]. The
largest rare earth ions are Pr3+ and Nd3+ [11]. The neu-
tron and synchrotron X-ray powder diffraction data
[12] and muon spectroscopy data [13] show that,
although the phase transition temperatures in
NdBaCo2O5.5 are similar to those of known cobaltites,
their microscopic magnetic nature is quite different. In
particular, the FM state is retained in NdBaCo2O5 + δ
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with δ ≈ 0.5 [14] and PrBaCo2O5.50 [15] below TN ∼
230–250 K, while other cobaltites remain in the AFM
state [1–7]. The metamagnetic state and ferromag-
netic behavior of NdBaCo2O5 + δ with δ ≈ 0.5 at low
temperatures is explained in [14] within the Landau
model of metamagnetism [16] by the large size of rare
earth ions and by the spin-state ordering (SSO) of
Co3+ ions below T ∼ TSSO [12, 17–19].

The oxygen content δ in RBaCo2O5+δ, which can
be varied in a wide range 0 ≤ δ ≤ 1, plays an important
role [1]. It controls not only the average valency of
Co ions (which can vary from 3.5+ for δ = 1 to 2.5+
for δ = 0) but also their oxygen (pyramidal or octahe-
dral) environment and therefore has a strong effect on
the spin state of Co ions. As a result, the magnetic and
transport characteristics of these compounds are
largely determined by the oxygen content [1–7].

Much less is known about the properties of
RBaCo2O5 + δ compounds with higher oxygen content
δ > 0.5. The properties of electron- (δ < 0.5) and hole-
doped (δ > 0.5) GdBaCo2O5 + δ single crystals are asym-
metric. With an increase in the density of charge carri-
ers in electron-doped compounds, the electrical resis-
tivity increases and the magnetization decreases, and in
the hole-doped ones, the electrical resistance decreases
and the magnetization increases [3]. There are several
studies of RBaCo2O5+δ compounds with a fixed com-
position, where R = Nd, Pr and δ ~ 0.7 [20–22]. Near
the metal–insulator transition, the resistivity of
NdBaCo2O5 + δ at δ ≈ 0.7 has an activation character
[20]. The magnetic properties and paramagnet‒ferro-
magnet phase diagram of PrBaCo2O5+δ, where 0.35 ≤
δ ≤ 0.8, are unusual and differ from the properties of
known layered cobaltites [15]. The metal‒insulator
transition in PrBaCo2O5 + δ, where 0.5 ≤ δ ≤ 0.7, is
explained by a change in the spin states of Co3+ ions
[19]. It is of interest to compare the properties of
PrBaCo2O5 + δ [15, 19] and of the related NdBaCo2O5 + δ
compound at different oxygen contents.

In this work, we present the results of our studies on
the effect of the oxygen content on the PM‒FM (TC),
FM‒AFM (TN), and metal‒insulator transitions and
on their relation to the change in the Co3+ spin states in
NdBaCo2O5 + δ polycrystals, where 0.37 ≤ δ ≤ 0.65. The
paramagnetic contribution of the Nd3+ rare earth ions is
taken into account, in contrast to other well-known
works [15, 19, 21, 22]. It is found that the spin state of
Co3+ ions in the metallic phase of NdBaCo2O5 + δ
cobaltite is independent of δ, whereas the effective
magnetic moment μeff/Co below the MI transition
temperature increases with δ, approaching the value
corresponding to the spin state of the metallic phase in
NdBaCo2O5 + δ.
RESULTS
NdBaCo2O5 + δ polycrystals were synthesized by

the solid-state reaction technique using Nd2O3,
BaCO3, and Co3O4 as initial components. The prepa-
ration process includes stepwise annealing in air at
T = 900–1125°C and slow cooling down to room tem-
perature [1]. The absolute oxygen content was deter-
mined by the method of sample reduction in hydro-
gen. The initial samples had the oxygen content δ =
0.65 ± 0.02. The required oxygen content δ was
achieved by additional annealing of the original sam-
ple at T = 350–800°C followed by quenching and was
determined from the change in the sample weight [3],
under the assumption that δ = 0.65. The weight of the
samples was chosen such that the accuracy of deter-
mining δ was no worse than 0.01. According to the
X-ray powder diffraction data, all samples were single-
phase. At room temperature, the samples with δ =
0.48‒0.65 have an orthorhombic structure and are
described by the space group Pmmm (no. 47) with the
ap × 2ap × 2ap unit cell, where ap is the pseudocubic
perovskite lattice constant. The sample with δ = 0.37
also has the orthorhombic structure (no. 47) with the
ap × ap × 2ap unit cell. The unit cell volume decreases
with an increase in δ. The structural parameters of the
samples agree with the published data [23]. The resis-
tivity was measured by the four-probe method. The
magnetic measurements were performed using the
MPMS-5XL (Quantum Design) facility at the Shared
Research Center, Mikheev Institute of Metal Physics,
Ural Branch, Russian Academy of Sciences.

In Fig. 1, we show the temperature dependence of
the magnetization of six NdBaCo2O5+δ samples with δ
ranging from 0.37 to 0.65. At δ ≠ 0.5, in addition to
Co3+ ions, Co2+ or Co4+ ions with the content |δ − 0.5|
appear. The samples were cooled at zero magnetic
field from 300 K to 10 K and measured in the magnetic
field H = 1 kOe at temperatures up to 400 K. The form
of the magnetization curves M(T) turns out to be
nearly the same for all known layered RBaCo2O5.5
cobaltites. The magnetization increases sharply below
TC ~ 280 K. Within a narrow temperature range, the
sample appears to be in the FM state, where M(T) has
the maximum at Tmax = TN ~ 250 K, below which it
decreases gradually, suggesting the transition of the
sample to the AFM state [1–7].

The presented temperature dependences of the
magnetization M(T) of NdBaCo2O5+δ differ from
those characteristic of known layered RBaCo2O5.5
cobaltite, in which the transition temperatures to FM
(TC) and AFM (TN) are nearly independent of the
choice of R [1–7]. As the oxygen content increases,
the magnetization peak Mmax(δ) at TN changes non-
monotonically, exhibiting a minimum at δ = 0.60;
then it increases, and the TN values become strongly
lower (Fig. 1). The Curie temperature TC(δ), deter-
mined from the maximum value of dM/dT (see inset
JETP LETTERS  Vol. 115  No. 9  2022
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Fig. 1. (Color online) Temperature dependence of the
magnetization of NdBaCo2O5 + δ, (0.37 ≤ δ ≤ 0.65) at H =
1 kOe. For clarity of images, the values of M(T) for δ =
0.37–0.53 below 175 K are not shown. Their magnetiza-
tion decreases monotonically with temperature. The inset
demonstrates the dependence of the Curie temperature TC
and of the AFM ordering temperature TN on the oxygen
content. The PM contribution from Nd3+ ions is sub-
tracted.
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of Fig. 1), decreases with increasing oxygen content
from 260 to 120 K and changes slightly up to δ = 0.53,
and TC(δ) exhibits the maximum change at δ > 0.53‒
0.60. The spontaneous magnetization Ms determined
from M(H) up to 50 kOe at T = const appears about
15–20 K higher than the value TC determined from the
maximum of dM/dT; i.e., the magnetic order appar-
ently arises at TC(δ) ≈ 280–140 K. The formation of
Ms at T ~ 140 K and δ = 0.65 agrees with the data
reported in [20]. The transition temperature to the
AFM state, determined from the temperature of the
magnetization peak Tmax(δ) ≈ TN, is approximately
20 K lower than TC(δ), and the TC(δ) dependence has
a similar form (see the inset of Fig. 1).

The main difference between NdBaCo2O5+δ and
known cobaltites, except for PrBaCo2O5 + δ [15] and
LaBaCo2O5.50 [24], is that the magnetization below
TN(δ) exhibits the ferromagnetic behavior and remains
finite at nonzero magnetic field. The data on
M(T, H = 1 kOe) below 175 K for δ = 0.37–0.53 are
not shown in Fig. 1, but the magnetization also
remains finite, as for δ = 0.60–0.65. In PrBaCo2O5 + δ
(0.37 ≤ δ ≤ 0.80), the FM interactions are also present
at all temperatures below TC and even in the AFM
phase [15].

The ferromagnetic behavior of NdBaCo2O5.48
below TN was explained by the metamagnetic state of
this compound [14]. Below T ~ 20 K, NdBaCo2O5.48 at
zero magnetic field is in the AFM state, and in a low
magnetic field of 10–20 kOe, it transforms to the
metamagnetic state, i.e., to the mixed FM + AFM
state. Above T ~ 20 K, the sample involves a mixture
of exchange-coupled ferromagnetic and antiferromag-
netic phases. This situation is confirmed by the dis-
covery of an exchange bias in NdBaCo2O5.48 [14].

Layered cobaltites are AFM materials with weakly
coupled spin sublattices [3] and are metamagnets even
at high temperatures [7]. In RBaCo2O5.50, where R =
Gd, Tb, at T ∼ TN ∼ 250 K, the applied magnetic field
reduces the AFM/FM transition temperature by
about 1 K at Hcr ∼ 10 kOe, and at T = 0, the field
Hcr ∼ 200–300 kOe is required to generate this transi-
tion [3, 7, 14].

At TN ~ 275 K and at zero magnetic field, Co3+ ions
in a similar NdBaCo2O5.47 compound are ordered,
forming a G-type AFM structure [12]. In the tem-
perature range TN ∼ 275 K > T > TSSO ∼ 230 K, Co3+

ions are located in two positions with the pyramidal
and octahedral oxygen environments. Below TSSO ∼
230 K, the AFM spin-state ordered (SSO) phase arises
in NdBaCo2O5.47, in which Co3+ ions are in four differ-
ent states: in two different octahedra and pyramids.
Following the Landau model of metamagnetism [16],
it was assumed that the FM bond in Co layers in the
layered compounds in the SSO state remains strong,
whereas the AFM bond between Co layers separated
JETP LETTERS  Vol. 115  No. 9  2022
by NdOδ layers is weakened because of a large size of
Nd3+ ions. At not a high magnetic field, the transition
between the AFM and FM states occurs.

We assume that such a model is also applicable at
δ ≈ 0.37–0.65. Note that the effect of the oxygen con-
tent δ on TC and TN in RBaCo2O5 + δ with R = Gd [3],
Pr [15], and Nd (see the inset of Fig. 1) is nearly the
same: the values of TC(δ) and TN(δ) vary only slightly
at δ ≈ 0.35–0.5 and decrease strongly (by ~100 K) at
δ = 0.5–0.7. For the composition with δ = 0.7, the FM
order in GdBaCo2O5 + δ also arises at temperatures
T < 150 K, and an abrupt transition from the FM to
AFM state occurs at T < 100 K [3], in contrast
to NdBaCo2O5 + δ and PrBaCo2O5 + δ [15]. In
LaBaCo2O5.50, where La is the largest nonmagnetic
rare earth ion [11], the FM behavior below TN is also
explained by the effect of the size of the La3+ ion [24].
RBaCo2O5 + δ compounds with δ = 1 and R = Pr and
La are ferromagnets with TC = 210 and 179 K, respec-
tively [25, 26]. The formation of the ferromagnetic
state below TN in RBaCo2O5 + δ with R = La, Pr [24–
26], and Nd having a large ionic radius and its absence
in the GdBaCo2O5 + δ compound [3] with a smaller
ionic radius suggest that the ferromagnetic state of
NdBaCo2O5 + δ below TN is determined by the large
size of Nd3+ ions.

The exchange bias detected in NdBaCo2O5 + δ at
δ = 0.37–0.53 and T = 77 K indicates the phase sepa-
ration in this compound into exchange-coupled FM
and AFM phases, which is characteristic of the meta-
magnetic state, and thus supports this assumption.
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Fig. 2. (Color online) Temperature dependence of the resis-
tivity of NdBaCo2O5 + δ (0.37 ≤ δ ≤ 0.65). Inset: the
metal‒insulator transition temperature TMI and the spin-
state transition temperature TST versus the oxygen content δ.
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RBaCo2O5.50 compounds with the largest sizes of
R3+ = La, Pr, and Nd ions exhibit the FM behavior at
all temperatures below TC, even in the AFM phase
[24–26], while compounds with smaller sizes of R3+

ions demonstrate the AFM behavior [1–7]. These
results confirm the effect of the ionic size of R on the
FM state in layered cobaltites.

In Fig. 2, we show the temperature dependence of
the resistivity ρ(T) of NdBaCo2O5 + δ at 0.37 ≥ δ ≥ 0.65
in the temperature range 100–400 K. For comparison,
we present the ρ(T) data for δ = 0.70 [1]. The tempera-
ture dependence of the resistivity ρ(T) exhibits a semi-
conducting behavior: ρ(T) decreases monotonically
with increasing temperature and oxygen content. After
a sharp decrease in ρ(T) above TMI indicated in Fig. 2
by arrows, the sample passes to a state with the resis-
tivity only slightly dependent on the temperature. In
fact, the transition from the quasimetallic to the semi-
conductor state rather than the metal‒insulator tran-
sition occurs [1, 2]. The derivative dρ/dT remains neg-
ative above TMI, suggesting the semiconducting
behavior of ρ(T), possibly related to the polycrystal-
line structure of the sample.

In a narrow temperature range (∼100–150K below
TMI), the resistivity of NdBaCo2O5 + δ with 0.48 ≥ δ ≥
0.65 can be described by the activation-type relation-
ship [20]
(1)
With an increase in δ, the activation energy ΔE
characterizing the resistivity changes from ΔE ∼
(50 ± 10) meV to ΔE ≈ 30 meV for δ = 0.65 (0.70). The
pre-exponential factor also decreases from ρ0 ≈ 3 ×
10‒3 Ω cm, which is characteristic of a disordered
medium, to the value ρ0 ≈ 2×10–4 Ω cm, which is larger
than that typical of semiconductors. The positive mag-
netoresistance MR = [ρ(H) − ρ(H = 0)]/ρ(H = 0) up
to 2.5% at H = 10 kOe characteristic of semiconduc-
tors is observed in NdBaCo2O5.65 in the temperature
range TC < T < TMI ~ 250 K.

It is interesting to note that TMI(δ), TN(δ), and
TC(δ) (see insets of Figs. 1 and 2), differing in magni-
tude by about 100 K, at different oxygen contents,
have approximately the same form: they change
slightly at δ ≤ 0.53 and decrease steeply at δ > 0.60. The
changes in ρ(T) decrease with an increase in δ. From
100 K to TMI, the resistivity changes by almost three
orders of magnitude at δ = 0.37, whereas at δ = 0.65, it
changes by less than one order of magnitude. At δ =
0.65, a heavily doped semiconductor–bad metal tran-
sition occurs with almost no change in the spin state.
Qualitatively, the behavior of ρ(δ, T) agrees with
changes in the effective magnetic moment μeff(δ, T)
(see below).

Magnetic methods are among the main ones for
determining the spin states of Co3+ ions in cobaltites.
The spin state of Co3+ ions is determined from the
measurements of the paramagnetic susceptibility
described by the Curie–Weiss law χ(T) ∼ μ2

eff/(T −
θPM) above and below TMI [1–7]. For these purposes,
the magnetic methods turn out to be rather compli-
cated because it is difficult to distinguish the contribu-
tion of Co3+ ions in RBaCo2O5+δ and the PM contri-
bution from rare earth ions R3+. The discrepancies
between the spin states of Co3+ ions reported in differ-
ent publications are probably due to the fact that the
latter contribution is ignored or is taken into account
incorrectly (see [9]). It is usually assumed that this
contribution coincides with that of free R3+ ions and is
determined using the expression for the paramagnetic
susceptibility χ = μ2

eff/3k(T − θPM), where μeff is the
effective magnetic moment of the R3+ ion, k is the
Boltzmann constant, and θPM = 0 is the Weiss para-
magnetic temperature [3, 6, 7, 27]. The values of μeff
and θPM are determined on the basis of the saturation
of magnetization at a high magnetic field at low tem-
peratures [9, 28], which for rare earth ions R3+ is
described by the Brillouin function [29]

(2)

where  is the Brillouin function, NA is the Avo-
gadro number, x = gμBJH/(k ), g is the Landé
g-factor, μB is the Bohr magneton, J is the total mag-

ρ ρ Δ0( ) = exp( / ).T E kT

( )= μA B ,SM N g JB x

( )SB x
− θPM( )T
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Fig. 3. (Color online) Temperature dependence of the inverse paramagnetic susceptibility χ–1(T) and of the differential magnetic

moment /Co of NdBaCo2O5 + δ (0.37 ≤ δ ≤ 0.65). Symbols denote the data at H = 10 kOe and lines correspond to H = 1 kOe
or 50 kOe (see the main text). The paramagnetic contribution from Nd3+ ions is subtracted. The arrows indicate the metal‒insu-
lator transition temperatures.
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netic moment of an R3+ ion, and H is the applied mag-
netic field. In this work, we assume that the РМ con-
tribution from Nd3+ ions in NdBaCo2O5 + δ is indepen-
dent of δ and is described by Eq. (2) at  K,
as in NdBaCo2O5.48 [14].

In Figs. 3a and 3b, the symbols denote the tem-
perature dependence of the inverse paramagnetic sus-
ceptibility χ–1(T) of NdBaCo2O5 + δ (δ = 0.37–0.65,
H = 10 kOe), determined by the subtraction of the PM
contribution from the Nd3+ ion. Circles are the mea-
sured values of (T) at δ = 0.48 and 0.63. All sam-
ples were cooled at H = 0 from 300 to 10 K, and the
magnetization was measured up to 400 K at H = 1, 10,
and 50 kOe. The solid lines show the χ–1(T) data for
δ = 0.53 at H = 50 kOe and for δ = 0.65 at H = 1 kOe,
which hardly differ from the χ–1(T) values at H =
10 kOe. The same data were obtained for other values
of δ. These results prove the applicability of Eq. (2) for
determining the PM contribution from Nd3+ ions.

The temperature dependences χ–1(T) for δ = 0.37–
0.60 are nearly the same and are similar to the

θ −PM = 18

−χ 1
exp
JETP LETTERS  Vol. 115  No. 9  2022
observed dependences χ–1(T) in known layered cobal-
tites with δ ≈ 0.5. In these samples, it is almost impos-
sible to separate a linear segment in the χ–1(T) plots.
In fact, this means that the behavior of χ–1(T) cannot
be described at a constant value of μeff(T), and the
transition is accompanied by the changes in μeff(T)
with temperature. On the other hand, for δ = 0.63 and
0.65 above and below TMI, a linear behavior of χ–1(T)
is observed. To reveal the features of the metal‒insu-
lator transition, the differential values /Co(T) were
determined. The values of χ–1(T) were measured with
an interval of ΔT = 5 K, and at each step, the differen-
tial values /Co3+(T) were determined taking into
account the contribution of the specific content of
Co2+ and/or Co+4 ions for all values of δ (Figs. 3c
and 3d).

In a certain temperature range below 400 K,
/Co at δ = 0.37–0.60 remains constant (Figs. 3c

and 3d). The temperature at which the slope of the
χ‒1(T) plot changes sharply (which corresponds to a

μdif
eff

μdif
eff

μdif
eff
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Fig. 4. (Color online) (Lines 1 and 2) Effective magnetic
moment μeff/Co and (lines 3 and 4) the paramagnetic tem-
perature θPM of NdBaCo2O5 + δ cobaltite in the (lines 1
and 4) metallic and (lines 2 and 3) semiconducting phases
versus the oxygen content δ.
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sharp decrease in /Co) is accepted as the
metal‒insulator transition temperature TST related to
the spin-state transition. This temperature, TST, is
approximately 10–15 K higher than the TMI tempera-
ture at δ = 0.37–0.53 (see inset of Fig. 2). These dis-
crepancies are explained by the contribution of inter-
granular resistance to the resistivity of polycrystals. At
δ = 0.60–0.65, neither ρ(T) shown in Fig. 2 nor χ–1(T)
plotted in Figs. 3a and 3b demonstrates any pro-
nounced transition boundary. According to the intui-
tive definition of this boundary, TST and TMI coincide
with each other. Below 400 K, we observe a decrease
in χ–1(T) proportional to the temperature at δ =
0.63(0.65) above and below TMI. The slopes of the
χ‒1(T) curve above and below TMI are slightly different
(see the solid lines plotted through the symbols corre-
sponding to δ = 0.63 and 0.65 in Fig. 3b). Their behav-
ior indicates that a small change in the spin state of
Co3+ ions occurs near TMI.

In the metallic phase (δ = 0.37–0.65) at T > TMI

(Figs. 3c and 3d), /Co3+ = (3.43 ± 0.02)μB is inde-
pendent of the oxygen content and corresponds to the
HS/LS state of Co3+ ions in the ratio of 1 : 1. The sig-
nificant deviation of /Co from this state at δ = 0.37
and its slight deviation at δ = 0.60–0.65 are explained
by the different contributions from Co2+ and Co4+

ions. Co2+ ions are always in the HS (S = 3/2) state
because of a weaker crystal field than that for Co3+

ions, whereas Co4+ ions are always in the LS (S = 1/2)
state because of a stronger crystal field [30]. With an
increase in the content of Co2+ or Co4+ ions, the devi-
ation of /Co3+ from the HS/LS state increases,
which is in reasonable agreement with the calculations
of the contribution from Co2+ and Co4+ ions.

In the semiconductor phase at TC < T < TMI and
δ = 0.37–0.53 (Fig. 3c), the compounds are in the
IS/LS state, and most of the Co3+ ions are in the LS
state. Then, an abrupt transition to the HS/LS state
occurs in a narrow temperature range. At δ = 0.60–
0.63 (Fig. 3d), the /Co3+ values exceed those cor-
responding to the IS/LS state of Co3+ ions in a ratio of
1 : 1; i.e., most of the Co3+ ions are in the IS state.

Next, in Figs. 3a and 3b, we identify the fragments
with a nearly linear temperature dependence on
χ‒1(T) curves, find the values of /Co3+ from the
Curie–Weiss law (lines 1 and 2 in Fig. 4), and deter-
mine the Weiss paramagnetic temperature θPM (lines 3
and 4 in Fig. 4) above and below TMI depending on the
oxygen content δ (Fig. 4). In the metallic phase (line 1
in Fig. 4) at T > TMI, μeff/Co3+ = (3.43 ± 0.02)μB does
not depend on the oxygen content δ = 0.37–0.65 and
corresponds to the HS/LS state of Co3+ ions in the
ratio of 1 : 1. The significant deviation of μeff/Co from

μdif
eff

μdif
eff

μdif
eff

μdif
eff

μdif
eff

μdif
eff
this state at δ = 0.37 and its slight deviation at δ = 0.65
are explained above by different contributions from
Co2+ and Co4+ ions. In the paramagnetic phase at
TC < T < TMI, μeff/Co (line 2 in Fig. 4) at δ = 0.37–
0.53 is constant; as δ increases further to 0.65, μeff/Co
increases to the μeff/Co value at T > TMI. With an
increase in the Co4+/Co3+ ratio to 15/85 (δ = 0.65),
the semiconductor–bad metal transition (Fig. 2)
occurs without a change in the spin state. The results
on μeff/Co agree with the /Co data shown in Fig. 3.

Since the Weiss paramagnetic temperature θPM is
related to the characteristics of the exchange interac-
tion [29], determining θPM below and above TMI, one
can obtain information about the exchange interaction
depending on the oxygen content. In the semicon-
ducting phase at TC < T < TMI, as δ increases, the val-
ues of θPM decrease from about 260 to 100 K at δ =
0.65 (line 3 in Fig. 4). In the metallic phase, θPM
increases from θPM ≈ −100 K to positive values (line 4
in Fig. 4). At δ = 0.65, θPM is about 110 K, coinciding
with θPM at T < TMI. The change in the sign of θPM at
δ ≈ 0.55–0.6 means that the exchange interaction
changes from AFM + FM to FM exchange and the
FM exchange becomes stronger with an increase in δ.

As the oxygen content increases, both the magneti-
zation Mmax(δ) at TN (Fig. 1) and the spontaneous
magnetization Ms (according to our preliminary data)
first decrease to a minimum at δ = 0.60 and then
increase. The spontaneous magnetization of
NdBaCo2O5+δ first decreases from Ms ≈ 0.40μB at
δ = 0.48 to a minimum of Ms ≈ 0.2μB at δ = 0.60 and
then increases to 0.85μB at δ = 0.65. The nonmono-
tonic behavior of Mmax(δ) and Ms(δ) suggests the exis-
tence of competing FM and AFM interactions in these

μdif
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compounds. The FM exchange can be caused by the
Co3+‒O‒Co4+ double exchange mechanism [30] or,
according to the empirical Goodenough–Kanamori
rule, by the presence of Co3+‒O‒Co4+ FM superex-
change interactions [31] as well as of the
Co3+‒O‒Co3+ AFM superexchange [32].

The temperature and field dependences of the
magnetization of PrBaCo2O5+δ, where 0.35 ≤ δ ≤ 0.8
[15], and of NdBaCo2O5 + δ, where 0.37 ≤ δ ≤ 0.65
(Fig. 1), are similar; TC and TN, depending on δ, also
decrease by about 100 K, and most sharply at δ > 0.6
[15]. The magnetic behavior of GdBaCo2O5 + δ also
changes noticeably when the oxygen content is δ >
0.55. The authors of [3] suggest that such a change is a
manifestation of a change in the positions of spins of
Co3+ and Co4+ ions. One can suppose that the features
appearing at δ ~ 0.6 are also inherent in other layered
cobaltites; they are due to a change in the exchange
interaction from AFM + FM to FM behavior with an
increase in the oxygen content.

The values of TC(δ) and TN(δ) for NdBaCo2O5 + δ
differ by about 20 K and have similar δ dependences
(see inset of Fig. 1). The result seems to be natural,
since the FM state smoothly transforms to the AFM
state within a narrow temperature range. A slight
change in TC(δ) and TN(δ) for NdBaCo2O5 + δ at δ up
to 0.53 and its strong decrease above δ = 0.6, as well as
the nonmonotonic behavior of the magnetization
Mmax(δ) (Fig. 1), can be qualitatively explained, in our
opinion, by a change in the nature of the exchange
interactions. At δ < 0.53, AFM + FM interactions are
present; therefore, Mmax and TN decrease, but slightly.
The dominant role of FM interactions at δ > 0.6 leads
to an increase in the magnetization Mmax(δ), to a
decrease in TC(δ) and TN(δ) by about 100–150 K with
an increase in the Co3+‒O‒Co4+ FM exchange, and,
accordingly, to a weakening of the Co3+‒O‒Co3+

AFM exchange with an increase in the contribution of
the magnetization related to the Co4+ ions.

However, an alternative explanation for the behav-
ior of TC(δ) is also known [33]. It is usually assumed
that a transition to the AFM state occurs at T = TN,
although the behavior of the magnetization M(T) is
not characteristic of an antiferromagnet: the mag-
netization remains nonzero well below TN. The beha-
viors of the magnetization M(T, H = 1 kOe) of
NdBaCo2O5.48 near TC (Fig. 1) and the spontaneous
magnetization Ms are also not characteristic of a pure
ferromagnet. The spontaneous magnetization of
NdBaCo2O5 + δ at δ ≈ 0.5 arises at T ~ 300 K, which is
15–20 K higher than TC determined from dM/dT (see
inset of Fig. 3 [14]). According to our preliminary
data, a similar behavior of TC and Ms is characteristic
of compounds with other values of δ (Fig. 1). Numer-
ical calculations allowed Wu [33] to assume that a
noncollinear AFM state arises at TN, and no transition
JETP LETTERS  Vol. 115  No. 9  2022
to the FM state occurs at T = TC, whereas a smooth
transition from the PM state to the canted, noncollin-
ear AFM state occurs, and a transition to another col-
linear AFM state occurs below TN. According to the
muon spectroscopy data, another AFM structure
arises in NdBaCo2O5.50 at approximately 100 K below
TN = 265(5) K [13].

CONCLUSIONS

Polycrystals of layered NdBaCo2O5 + δ cobaltites
with different oxygen content 0.37 ≤ δ ≤ 0.65 have been
synthesized by the solid-state reaction technique. The
metal‒insulator transition in NdBaCo2O5 + δ occurs
when the spin state of Co3+ ions changes from HS/LS
in the metallic phase to the IS/LS state in the semi-
conducting phase, as well as in the related RBaCo2O5.5
compound, where R = Gd and Tb [9, 28]. With an
increase in δ, the spin states of Co3+ ions in the semi-
conducting phase of NdBaCo2O5 + δ approach those
characteristic of the HS/LS state. The observed devi-
ations of the spin states from the HS/LS state are in
reasonable agreement with the possible effects intro-
duced by Co2+ and/or Co4+ ions.

The ferromagnetic behavior of NdBaCo2O5 + δ
below TN in the antiferromagnetic phase is explained
by the large size of Nd3+ ions.

We argue that the decrease in TN, TC, TMI, and TST
by about 100–150 K, the nonmonotonic behavior of
the magnetization Mmax(T = TN), and its increase at
δ > 0.53–0.6 are caused by a change in the exchange
interactions between Co3+ and Co4+ ions from AFM +
FM to FM exchange with an increase in δ.
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