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Abstract. The crystal structure, magnetization and electrical transport depending on the temperature
and magnetic field for the doped stoichiometric La3+

1−xSr2+x Mn3+
1−xMn4+

x O2−
3 as well as anion-deficient

La3+
1−xSr2+x Mn3+O2−

3−x/2 (0 ≤ x ≤ 0.30) ortomanganite systems have been experimentally studied. It is
established that the stochiometric samples in the region of the 0 ≤ x ≤ 0.125 are an O′-orthorhombic
perovskites whereas in the 0.175 ≤ x ≤ 0.30 – a rhombohedric. For the anion-deficient system the sym-
metry type of the unit cell is similar to the stoichiometric one. As a doping level increases the samples
in the ground state undergo a number of the magnetic transitions. It is assumed that the samples with
the large amount of oxygen vacancies are a cluster spin glasses (0.175 < x ≤ 0.30) and temperature of
the magnetic moment freezing is ∼40 K. All the anion-deficient samples are semiconductors and show
considerable magnetoresistance over a wide temperature range with a peak for the x = 0.175 only. Con-
centration dependences of the spontaneous magnetization and magnetic ordering temperature for the
anion-deficient La3+

1−xSr2+x Mn3+O2−
3−x/2 system have been established by the magnetic measurements and

compared with those for the stoichiometric La3+
1−xSr2+x Mn3+

1−xMn4+
x O2−

3 one. The magnetic propeprties of
the anion-deficient samples may be interpreted on the base of the superexchange interaction and phase
separation (chemical disorder) models.

PACS. 75.30.Kz Magnetic phase boundaries (including magnetic transitions, metamagnetism, etc.) –
75.30.Vn Colossal magnetoresistance – 75.50.Dd Nonmetallic ferromagnetic materials

1 Introduction

The rare-earth doped manganites Ln3+
1−xA2+

x Mn3+
1−x

Mn4+
x O2−

3 (Ln = La, Pr, Nd; A = Ca, Sr, Ba) have been
extensively studied in the last decade owing to their colos-
sal magnetoresistance properties [1–4]. Among the inter-
esting features of the manganites can to distinguish also
the metal-insulator transition [5] near the Curie point of-
ten accompanied by the charge [6] and orbital [7] ordering.
It is now widely accepted that the variety of their physical
properties are caused by the strong correlation and (or)
competition of the lattice, orbital, charge and spin degrees
of freedom.

Undoped stoichiometric La3+Mn3+O2−
3 compound has

an O′-orthorhombic (space group Pnma, Z = 4) crystal
structure at the room temperature and shows the orbital
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ordering due to the strong cooperation static Jahn-Teller
interaction [8]. Important feature of the manganites is that
a Mn3+ ion is a Jahn-Teller one. In the parent mate-
rial the Mn3+ ions have a 3d4 configuration where the
three electrons occupy all the three t2g degenerated or-
bitals, while one electron occupies the one from two eg or-
bitals. Jahn-Teller distortions are originated when the de-
generation of eg orbitals disappears. The orbital ordering
in LaMnO3 consists of the alternate arrangements of dz2

and dx2−y2 orbitals in (001) planes. The orbital ordering
along [001] axis is the antiferrodistortion. The number of
the eg electrons makes the parent LaMnO3 Mott-type an-
tiferromagnetic insulator [9,10].

The substitution of LaMnO3 by divalent ions oxi-
dizes Mn3+ to Mn4+ and transforms the antiferromagnetic
insulating state to the ferromagnetic metallic one [11]. The
cooperative static Jahn-Teller distortion strongly depends
on concentration of Mn3+. Therefore the influence of the
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Jahn-Teller distortion has to taken into account to under-
stand the magnetic and electrotransport properties of the
lightly doped manganites.

Connection between the ferromagnetism and electrical
conduction in the doped manganites is often explained
in terms of so called double exchange mechanism [12,13].
However, some authors have been pointed out that the
double exchange only is inadequate for the explaining
many physical properties of the systems in question. There
have been proposed the different mechanisms to interpret
the nature of interesting features of manganites: the in-
direct superexchange interaction [14] and phase separa-
tion [15,16]. For the lightly doped insulating regime the
double exchange model suggested a homogeneous canted
antiferromagnetism. However, NMR experiments for quite
a few manganites have been interpreted in terms of the
phase separation and mixture of magnetic states [17]. Neu-
tron diffraction [18] and HREM results [19] also support
this point of view.

The La1−xSrxMnO3 solid solutions are the best ex-
ample of double exchange system. It has the largest
one-electron bandwidth and is therefore less affected by
Coulomb correlations. However as we have already noted
above the lightly doped manganites is strongly influenced
by the cooperative static Jahn-Teller distortion. An av-
erage manganese valence may be changed by the differ-
ent methods leading to the modification of the exchange
interactions.

It is interesting to investigate the magnetic and electro-
transport properties of the doped manganites with mono-
valent Mn3+ manganese ions. Such situation is realized
in the anion-deficient doped La3+

1−xSr2+x Mn3+O2−
3−x/2 man-

ganites. It should be noted that the dependence of the
physical properties of the hole-doped perovskite mangan-
ites on the oxygen stoichiometry has been weakly investi-
gated until now.

The influence of the oxygen vacancies on the Curie
temperature TC and electrical resistivity ρ for the
La – Sr – Mn – O samples have been earlier investi-
gated [20–22]. The decrease of TC and saturation magne-
tization MS as well as the rise of the electrical resistivity
with increasing the oxygen deficiency δ is detected. These
features have been explained by weakening the ferromag-
netic double exchange interactions because of decreasing
the ratio Mn3+/Mn4+.

The removal of one oxygen ion from the crystal lat-
tice of the manganites produces a reduction process when
two Mn4+ ions are converted to two Mn3+ ones and
their coordination number decreases [23]. This process will
weaken the exchange interaction intensity because of the
reducing of the double exchange (Mn3+ – O – Mn4+)
and superexchange (Mn3+ – O – Mn3+) mechanisms.
In this paper, we describe the experimental results of
the crystal structure, magnetic and electrotransport mea-
surements of the anion-deficient La3+

1−xSr2+x Mn3+O2−
3−x/2

manganites and their comparative analysis with the stoi-
chiometric La3+

1−xSr2+x Mn3+
1−xMn4+

x O2−
3 ones. We draw at-

tention that the double exchange mechanism is inapplica-

ble for the interpretation of the magnetic properties of the
anion-deficient system.

2 Experiment

Polycrystalline stoichiometric La1−xSrxMnO3 (x = 0.05;
0.075; 0.10; 0.125; 0.175; 0.225 and 0.30) samples
have been fabricated with conventional ceramic tech-
nology. La2O3 (99.99%), SrCO3 (99.99%) and MnO2

(99.99%) have been mixed in the designed cation ratios
(La : Sr : Mn = [1 − x] : x : 1) and ground into an agate
mortar with a small value of ethanol. La2O3 oxide has
been dried at 1000 ◦C for 2 h before weighing. The ob-
tained mixtures have been pressed into pellets and prefired
at 1100 ◦C for 2 h in air to decompose strontium carbon-
ate to strontium oxide. Obtained pellets have been again
ground, compacted and synthesized at 1550 ◦C during 4 h
in air followed by slow cooling at a rate of 95 ◦Ch−1 in
order to receive stoichiometric oxygen content.

All the synthesized compounds have been checked by
powder X-ray diffraction method to determine the qual-
itative phase content and unit cell parameters. X-ray
data have been recorded at room temperature with
a DRON-3 diffractometer in Cr-Kα radiation in angle
range of 30 deg ≤ 2θ ≤ 100 deg. The oxygen content of all
the sintered samples has been determined by the thermo-
gravimetric analysis in a reducing H2/N2 flow at 600 ◦C.
These investigations have shown the oxygen content to be
stoichiometric. As it is known the deviation of the oxygen
stoichiometry for the manganites prepared by aforemen-
tioned technique has been negligible [24]. We determined
the Mn valence by redox titration. This study gave values
of Mn4+ concentration equal to 5.3% and 30.1% for the
stoichiometric La0.95Sr0.05MnO3 and La0.70Sr0.30MnO3

compounds, respectively. The differences between the con-
tent of Mn4+ and x appear probably from small oxygen
non-stoichiometry or cation impurities.

Polycrystalline anion-deficient La1−xSrxMnO3−x/2

samples have been received by the topotactic reaction
method. The topotactic reaction is one without the consid-
erable changes of the as-prepared crystal structure. Often
the topotactic product is metastable. To obtain the oxy-
gen vacancies the samples have been treated in the evacu-
ated soldered with two sides silica tubes at 900 ◦C during
2 h using metallic tantalum as an oxygen getter. The fi-
nal oxygen content has been calculated from a change of
the sample weight after reduction. Relative error of the
oxygen content measurements has not exceeded 0.3%.

To check the oxygen content in the anion-deficient
samples they have been subjected to the reoxidation in
air at 900 ◦C during 2 h. The weight gain resulted from
the reoxidation has indicated that the oxygen deficit of
the anion-deficient samples has been found with an er-
ror ±0.01. This fact confirms the topotactic character of
the reduction because an important feature of the oxygen
deficient perovskite compounds is their ease of reoxidation
with the restoration of their initial composition, structure
and physical properties.
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The magnetization measurements have been made us-
ing a OI-3001 commercial vibrating sample magnetometer
in the temperature range of 4.2–200 K. The magnetic or-
dering temperature (TMO) has been defined as an point
where the field cooled (FC) magnetization value is less
than 10% of the total one in field of 100 Oe. The fer-
romagnetic cluster freezing temperature (Tf ) has been
determined as an point of the zero field cooled (ZFC)
magnetization peak. The value of spontaneous magnetic
moment (MS) has been determined by the field depen-
dence of magnetization by extrapolation to zero field. The
alternating current (ac) magnetic susceptibility has been
measured with a superconducting quantum interference
device (Quantum Design, USA). Ac-susceptibility mea-
surements have been made with the different frequencies
F = 100, 1000 and 10000 Hz under ac-field of 10 Oe.
The electrical resistivity has been obtained by a standard
four-probe method in the temperature range of 78–400 K.
Indium eutectic has been employed for ultrasonic deposi-
tion of the contacts. For these measurements well-sintered
samples in the form of 10×2×2 mm3 parallelepiped have
been used. The magnetoresistance has been calculated ac-
cording to the relation:

MR(%) = {[ρ(H) − ρ(0)]/ρ(0)} × 100% (1)

where MR(%) – negative isotropic magnetoresistance in
percent, ρ(H) – electrical resistivity in magnetic field
of 9 kOe, ρ(0) – electrical resistivity without magnetic
field. Applied magnetic field has been applied parallel to
the current in the sample during the magnetoresistance
measurements.

3 Results and discussion

The crystal structure and phase composition for both
the stoichiometric La1−xSrxMnO3 and anion-deficient
La1−xSrxMnO3−x/2 samples have been checked by pow-
der X-ray diffraction. XRD data are presented in Figure 1.
It is established that both the stoichiometric and anion-
deficient samples have perovskite structure. In the region
of the 0 ≤ x ≤ 0.125 the stochiometric samples are de-
scribed by the O′-orthorhombic unit cell with Pbnm space
group and Z = 4 (the number of the formula units into
the unit cell), whereas at the 0.175 ≤ x ≤ 0.30 – rhom-
bohedric one with R3̄c space group and Z = 2. For the
anion-deficient samples the symmetry type of the unit cell
is similar to stoichiometric one. The parameters of the unit
cell for the both systems are collected in Tables 1 and 2.

The O′-orthorhombic → rhombohedric structural
transition for the stoichiometric La1−xSrxMnO3 single
crystals at the x = 0.175 has been earlier detected [25]. In
the work [26] the O′-orthorhombic structural phase have
been revealed for the La1−xSrxMnO3 sample with the
Mn4+ concentration equal to 12%, while for the 27% –
rhombohedric one. For the oxygen excess LaMnO3+δ

samples the O′-orthorhombic → rhombohedric structural
transition have been observed in the range 12%–18%
of the Mn4+ concentration [27]. For the anion-deficient

Fig. 1. The room temperature powder X-ray diffraction pat-
terns for the stoichiometric La1−xSrxMnO3 (a) and anion-
deficient La1−xSrxMnO3−x/2 (b) samples.

La0.70Sr0.30MnO3−δ samples [22] X-ray diffraction analy-
sis shows the R → O′ phase transition at the 0.075 ≤ δ ≤
0.1 with increase of δ. We have also observed earlier such
character of the unit cell symmetry changing for the doped
anion-deficient La1−xCa(Ba)xMnO3−x/2 systems [28,29].
It should be noted the similar X-ray reflexes are shifted to
low Brag’s angles in the anion-deficient case Figure 2 that
corresponds to the larger unit cell volume in comparison
with the stoichiometric one. The larger x the stronger this
shifting.

The determination of the Jahn-Teller transition tem-
peratures for the non-stoichiometric system is desirable
since a such situation may be realized when the anion-
deficient samples have TJT above the room temperature
for the x < 0.125, while for the x > 0.175 it is below
one. In present manuscript the determination of the TJT

is not carried out. As we know TJT for the stoichiomet-
ric La0.90Sr0.10MnO3 is 573 K [30]. For the anion-deficient
samples TJT may be assumed well below.

O′-orthorhombic (c/
√

2 < a ≤ b) unit cell originates
from the cooperative static Jahn-Teller distortion [31]. For
the stoichiometric La1−xCaxMnO3 system with doping
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Table 1. Symmetry (O′-O′-orthorhombic and R-rhombohedric) and parameters (a, b, c, α and V) of the unit cell for the
stoichiometric La1−xSrxMnO3 (0 ≤ x ≤ 0.30) samples.

Composition Symmetry a, Å b, Å c, Å α, deg V , Å3

LaMnO3 O′ 5.556 5.686 7.731 244.19
La0.95Sr0.05MnO3 O′ 5.528 5.641 7.737 241.19

La0.925Sr0.075MnO3 O′ 5.526 5.618 7.743 240.38

La0.90Sr0.10MnO3 O′ 5.523 5.594 7.746 239.31
La0.875Sr0.125MnO3 O′ 5.521 5.574 7.751 238.54
La0.825Sr0.175MnO3 R 5.489 60.60 237.32
La0.775Sr0.225MnO3 R 5.480 60.52 235.52

La0.70Sr0.30MnO3 R 5.464 60.44 233.64

Table 2. Symmetry (O′-O′-orthorhombic and R - rhombohedric) and parameters (a, b, c, α and V ) of the unit cell for the
anion-deficient La1−xSrxMnO3−x/2 (0 ≤ x ≤ 0.30) samples.

Composition Symmetry a, Å b, Å c, Å α, deg V , Å3

LaMnO3 O′ 5.556 5.686 7.731 244.19
La0.95Sr0.05MnO2.98 O′ 5.551 5.642 7.748 242.67

La0.925Sr0.075MnO2.96 O′ 5.547 5.620 7.753 241.68

La0.90Sr0.10MnO2.95 O′ 5.544 5.588 7.767 240.61
La0.875Sr0.125MnO2.94 O′ 5.540 5.575 7.770 239.97
La0.825Sr0.175MnO2.91 R 5.523 60.08 238.25
La0.775Sr0.225MnO2.89 R 5.513 60.06 236.96

La0.70Sr0.30MnO2.85 R 5.507 60.04 236.19

Fig. 2. The (132+024+312+204) and (422̄ + 422 + 4̄22)
X-ray reflexes for the x = 0.075 (a) and 0.225 (b) sam-
ples, respectively. Solid line denotes data for the stoichio-
metric La1−xSrxMnO3 samples, dash – for the anion-deficient
La1−xSrxMnO3−x/2 ones.

Fig. 3. The concentration dependence of the comparable unit
cell volume for the stoichiometric La1−xSrxMnO3 (full circle)
and anion-deficient La1−xSrxMnO3−x/2 (open circle) samples.

the crystal structure transition from the O′-orthorhombic
to O-orthorhombic (a < c/

√
2 < b) symmetry occurs

at x ∼ 0.1 [28]. In our case transition from the O′-
orthorhombic to rhombohedric unit cell is fixed at x =
0.175. It is reasonable to propose that O′ → R transi-
tion may be produced by domination of dimensional effect
over the Jahn-Teller one. In the case of anion-deficient Ba-
doped system similar situation is realized [29]. It is well
known that in the 12-coordination the effective ionic radii
for the Sr2+ (1.44 Å) and Ba2+ (1.61 Å) are larger those
than for the La3+ (1.36 Å) and Ca2+ (1.34 Å) [32].

With doping the unit cell volume decreases
monotonically for both the La1−xSrxMnO3 and
La1−xSrxMnO3−x/2 systems (Fig. 3). For the sto-
ichiometric samples this may be explained by the
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Fig. 4. The FC magnetization vs. field at the 5 K for the stoichiometric La1−xSrxMnO3 (full circle) and anion-deficient
La1−xSrxMnO3−x/2 (open circle) samples with x = 0.05 (a), 0.075 (b), 0.125 (c), 0.175 (d), 0.225 (e) and 0.30 (f).

conversion of the Mn3+ into Mn4+ ions. It is known
that r[Mn3+] = 0.645 Å larger than r[Mn4+] = 0.530 Å
for octahedral coordination [32]. Therefore the increase
of A-sublattice is compensated by the decrease of
B-sublattice and the unit cell volume decreases. In the
anion-deficient La3+

1−xSr2+x Mn3+O2−
3−x/2 case the samples

have only Mn3+ ions. However their coordination number
along with the effective ionic radius decreases as x rises.
r[Mn3+] = 0.580 Å for the pentahedral anion surround-
ing [32]. The presence of the real oxygen vacancies leads
to decreasing of unit cell volume. It should be noted
that this process is less expressed for the anion-deficient
La3+

1−xSr2+x Mn3+O2−
3−x/2 system.

La0.925Sr0.075MnO3 demonstrates transition to the
paramagnetic state at TN ≈ 144 K which is some larger
than one for the parent LaMnO3. For the significant dop-
ing levels TC constantly increases with x. So in region
of the 0.125 ≤ x ≤ 0.30 Curie temperature increases
from 190 to 350 K. All the ac-susceptibility curves are
followed by the Curie-Weis law. Such behavior of the mag-
netic properties well agrees with the earlier obtained re-
sults [25].

The field dependences of magnetization at T = 5 K
for both the stoichiometric La1−xSrxMnO3 and anion-
deficient La1−xSrxMnO3−x/2 systems are displayed in
Figure 4. In fields up to 15 kOe magnetization for the

some stoichiometric (x = 0.05 and 0.075) and all the
anion-deficient samples is not saturated. Therefore it
is difficult to estimate the spontaneous magnetization
per Mn ion. For the stoichiometric system magnetization
always rises with increase x. For the La0.775Sr0.225MnO3

and La0.70Sr0.30MnO3 samples only spontaneous mag-
netization achieves the theoretically possible values 3.78
and 3.70 µB per Mn ion, respectively. Magnetization
of all the anion-deficient samples at first increases up
to x = 0.175 and then decreases. It should be noted
that magnetization for the almost all (except x = 0.05
and 0.075) La1−xSrxMnO3−x/2 is well less than one for
the La1−xSrxMnO3.

The temperature dependences of ZFC and FC magne-
tizations for the some anion-deficient La1−xSrxMnO3−x/2

samples are showed in Figure 5. The samples with
x = 0.05 and 0.075 demonstrate an gradual increase
of FC magnetization below 120 and 105 K, respec-
tively. It is worth nothing that these temperatures are
enough less than TN ≈ 140 K for LaMnO3 [9]. For
the La0.95Sr0.05MnO2.98 sample the temperature of the
ZFC magnetization peak coincides with TMO ≈ 120 K,
while for the La0.925Sr0.075MnO2.96 the ZFC curve starts
to differ significantly from the FC one just below TMO. At
this point (Tf ≈ 91 K) it has a small peak and does not de-
pend on temperature in practice. The La0.90Sr0.10MnO2.95

sample has lowest TMO ≈ 101 K. The transition to the
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Fig. 5. The ZFC (full circle) and FC (open circle) magnetizations vs. temperature in the magnetic field of the 100 Oe for the
anion-deficient La1−xSrxMnO3−x/2 samples with x = 0.05 (a), 0.075 (b), 0.10 (c), 0.125 (d), 0.175 (e) and 0.30 (f).

paramagnetic state in the region of the 0.10 ≤ x ≤ 0.175 is
well defined, which is characteristic of homogeneous mag-
netic state. The La0.825Sr0.175MnO2.89 sample has TMO ≈
131 K and is one from all the other which has a biggest
liner part of ZFC magnetization. ZFC peak in this case is
fixed at Tf ≈ 48 K. In the region of the 0.175 < x ≤ 0.30
difficult to determine the magnetic ordering temperature
because the transition to paramagnetic state is very broad.
This may be characteristic of an inhomogeneous initial
magnetic state. The samples in this region are most prob-
able cluster spin glasses. Such scenario is confirmed by the
pronounced peak at Tf ≈ 45 K. It should be noted that Tf

continuously decreases, whereas x increases which corre-
sponds to reduction of the ferromagnetic cluster size [33].

In Figure 6 the ac-magnetic susceptibility for the
anion-deficient La0.70Sr0.30MnO2.85 sample is shown. The
initial susceptibility have been measured at the different
frequencies as a function of temperature. The curves dis-
play a maximum at the temperature which shifts upwards
with increasing frequency. This is a distinct feature of
a spin glass state. The peak which is seen in the initial
susceptibility at the lowest frequency measured (100 Hz)
has been taken as the spin glass freezing temperature Tf .
This peak temperature coincides well with one seen in the
ZFC magnetization (Fig. 5f). At this temperature the ir-
reversibility between FC and ZFC magnetization is very
strong.

Fig. 6. Frequency dispersion (F = 100, 1000 and 10 000 Hz)
of the initial ac-magnetic susceptibility in the field of 10 Oe for
the anion-deficient La0.70Sr0.30MnO2.85 sample.

The electrical resistivity as function of a temperature
for the some stoichiometric La1−xSrxMnO3 and anion-
deficient La1−xSrxMnO3−x/2 samples are displayed in
Figure 7. All the reduced samples have a resistivity of
the semiconductor type. In contrast to the stoichiometric
La1−xSrxMnO3 system there is no metal-insulator transi-
tion even for the anion-deficient x = 0.175 sample show-
ing the largest ferromagnetic component. The resistivity
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Fig. 7. The electrical resistivity vs. temperature for the stoichiometric La1−xSrxMnO3 (full circle) and anion-deficient
La1−xSrxMnO3−x/2 (open circle) samples with x = 0.05 (a), 0.175 (b) and 0.30 (c).

Fig. 8. Fitting of the electrical resistivity to T−1 (a) and T−1/4 (b) for the anion-deficient La1−xSrxMnO3−x/2 samples with
x = 0.05 (full rectangle), 0.175 (full circle) and 0.30 (open circle).

for the anio-deficient samples always increases as temper-
ature decreases. At the room temperature resistivity of
the anion-deficient samples gradually decreases as doping
level increases and at the x = 0.175 it starts to rise up to
x = 0.30.

We attempt to analyse the resistivity data. Thermal
activation model:

ρ = ρ0 exp{EAC/kBT } (2)

and Mott’s variable range hoping one:

ρ = ρ0{T0/T }1/4 (3)

have been chosen to fit ρ-T curves. In Figure 8 the lnρ ∼
T−1 and lnρ ∼ T−1/4 relations are given. It is interesting
that the lnρ curves at the high temperatures (in paramag-
netic regime) are better fitted by the thermal activation
model. Such situation allows to calculate the activation
energy. The angle of the tangent to the lnρ ∼ T−1 curve
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Fig. 9. The magnetoresistance vs. temperature in the field of
9 KOe for the stoichiometric La0.825Sr0.175MnO3 (full circle)
and anion-deficient La0.825Sr0.175MnO2.91 (open circle) sam-
ples.

is proportional the activation energy. At the low tempera-
tures the activation energy decreases. Transport above TC

is still a matter of controversy as numerous groups have
reported different behaviour. The simple activation law
could indicate the opening of a gap at the Fermi level
above TC . Photoemission data support the view that a
small bandgap appears at TC in the La0.7Sr0.3MnO3 [34].

All the La1−xSrxMnO3−x/2 samples show a magne-
toresistance enough below a point where spontaneous
magnetization develops. There is peak of magnetoresis-
tance about 18% for the x = 0.175 only at the TMR ≈ 89 K
(Fig. 9). For the stoichiometric sample the magnetoresis-
tance peak is observed at the 257 K that is slightly be-
low the TMO. For all the anion-deficient samples the grad-
ual magnetoresistance increase up to the liquid nitrogen
temperature has been observed, which is typical for con-
ducting magnetic ceramics. The maximum MR = 22%
has been observed for the x = 0.30. This type of magne-
toresistance is possible due to an intergranular electrical
transport.

Summarizing our magnetization and electrical data,
we construct the concentration dependence of the magne-
tization in field of 15 kOe at T = 5 K and magnetic tran-
sition temperatures (Fig. 10) for both the stoichiometric
La1−xSrxMnO3 and anion-deficient La1−xSrxMnO3−x/2

samples. The saturation magnetization values for both
systems calculated in accordance with relation:

σ = NgµBSave (4)

where N is a number of Mn ions per unit volume, g –
the gyromagnetic ratio (∼2), µB – the Bohr magneton
and Save – the average spin equal [1 − x]{S(Mn3+) =
2} + x{S(Mn4+) = 3/2}. For the anion-deficient system
Save ≈ 2 {S(Mn3+) = 2}. The calculations have been
realized assuming that all the 3d electrons of Mn ions
contribute with their spins only and all exchange man-
ganese interactions are ferromagnetic [35]. The magneti-

Fig. 10. The concentration dependence of the magneti-
zation in the field of 15 kOe at the 5 K for the sto-
ichiometric La1−xSrxMnO3 (full circle) and anion-deficient
La1−xSrxMnO3−x/2 (open circle) samples (a). Solid lines con-
struct on basis of the experimentally observed values for the
stoichiometric (thick line) and anion-deficient (thin line) sam-
ples. Dash lines denote the theoretically calculated values of
the saturation magnetization for the stoichiometric (thick line)
and anion-deficient (thin line) samples. The concentration de-
pendence of the magnetic transition temperatures (b) for the
stoichiometric La1−xSrxMnO3 (full circle) and anion-deficient
La1−xSrxMnO3−x/2 (open symbol) samples. Open circle de-
notes the magnetic ordering temperature, open rectangle – the
freezing temperature.

zation achieves the theoretically calculated value only for
the La0.775Sr0.225MnO3 and La0.70Sr0.30MnO3 samples.
Such behavior of magnetization well agrees with earlier
obtained results by other authors [11,25,36]. It is shown
that the MS for the anion-deficient system enough well
coincides with MS for the stoichiometric one in the range
0 ≤ x ≤ 0.075 although it is much less than the theo-
retical value. For the anion-deficient samples increasing
Sr content up to x = 0.175 leads to an increase (approx-
imately linear) of the magnetization from ∼0.1 (x = 0)
to ∼2.84 µB/f. u. (∼70% of expected value for the truly
ferromagnetic ordering of x = 0.175), and then it drops
down to ∼0.90 µB/f. u. (x = 0.30).

The concentration dependence of the magnetic
transition temperatures for both the stoichiometric
La1−xSrxMnO3 and anion-deficient La1−xSrxMnO3−x/2

samples is constructed in Figure 10. It is well known
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that the LaMnO3 is an orbital ordered antiferromag-
net of A-type with TN ≈ 140 K. A weak ferromag-
netic component is due to an antisymmetric exchange
Dzyaloshinsky-Moriya’s interaction [37,38]. As x rises
from 0 to 0.10 TMO decreases from 140 to 101 K. In this re-
gion the La1−xSrxMnO3−x/2 samples are most likely mix-
ture of orbital ordered antiferromagnetic phase and ferro-
magnetic clusters. In the region of the 0.10 ≤ x ≤ 0.175
the ground state appears be mixture consisting from ferro-
magnetic and orbital disordered antiferromagnetic phases.
La0.825Sr0.175MnO2.89 sample has TC ≈ 131 K. The
ferromagnet-paramagnet transition is realized through in-
homogeneous magnetic state with the ferromagnetic cor-
relations above Tf . For the x > 0.175 the anion-deficient
samples are most likely cluster spin glasses with Tf ≈
40 K. It should be noted that such temperature is typ-
ical for the spin glass state in manganites [33,39]. The
information about magnetic phase states for the stoi-
chiometric La1−xSrxMnO3 samples may be obtained else-
where [40–42].

The anion-deficient La1−xSrxMnO3−x/2 samples are
interesting for study indirect superexchange interactions
between Mn ions. It should be noted that La3+, Sr2+ and
O2− ions are diamagnetic which is facilitated the inter-
pretation of experimental results. In order to explain a
behavior of doped manganite systems, Zener elaborated a
special theory of indirect exchange interactions via charge
carriers. This form of interactions has been given the name
of double exchange [12,13]. The double exchange is based
on the real transition of an electron from a half-filled eg or-
bital of an Mn3+ ion to a free eg orbital of Mn4+. Such
a jump is energetically advantageous in the case of paral-
lel arrangement of local spins S of Mn3+ and Mn4+ ions
being nearest neighbors.

Goodenough [43] has suggested that ferromagnetism
is not governed by double exchange alone but also by a
specific nature of the superexchange interactions in the
Mn3+ – O – Mn3+ Jahn-Teller ion systems. He has sup-
posed that in the case of removing cooperative static Jahn-
Teller distortion the orbital configuration of the 3d elec-
trons is determined by the position of the ion nuclei
(Goodenough’s quasistatic hypothesis). In this case the
ferromagnetic fraction of the exchange is determined by
a virtual electron transfer from the half-filled eg orbitals
of the Mn3+ ions to the empty ones. Note that, in accor-
dance with the superexchange, the state of ferromagnetic
order may not correlate with the behavior of electrical
conductivity.

The double exchange mechanism is inapplicable for
the interpretation of the magnetic properties of the anion-
deficient La3+

1−xSr2+x Mn3+O2−
3−x/2 system since it does not

contain the Mn4+ ions. The superexchange Mn3+ – O –
Mn3+ interactions are anisotropic in the orbital ordered
phase (positive in (001) planes and negative in [001] direc-
tions) but isotropic in the orbital disordered one (positive
in all directions) [44]. Taking this into account we believe
the ground state in the range 0 < x ≤ 0.10 appears to
be orbital ordered antiferromagnetic similar to LaMnO3

with ferromagnetic clusters. The oxygen vacancy concen-

tration is not enough to remove the orbital ordering so the
anisotropic character of superexchange interactions does
not change.

In the region of the 0.10 < x ≤ 0.175 ferromagnetic
component as well as TMO increases. The anion-deficient
sample with x = 0.175 is most likely critical value at which
cooperative static Jahn-Teller distortion is removed com-
pletely but fully ferromagnetic state does not realize since
a sign of Mn3+ – O – Mn3+ superexchange interaction
changes. If the orbital ordering is removed the Mn3+ –
O – Mn3+ superexchange interactions are positive. This is
the case for the octahedral oxygen coordination of Mn3+.
However, these interactions became antiferromagnetic in
the five-fold or four-fold coordination [45].

For the anion-deficient samples with x > 0.175 the
antiferromagnetic orbital disordered part of the superex-
change Mn3+ – O – Mn3+ interactions is enhanced. The
antiferromagnetic and ferromagnetic phase volumes ap-
parently become comparable. The competition between
ferromagnetic and antiferromagnetic clusters may leads to
the cluster spin glass state. The spin freezing behaviour
is often observed in the inhomogeneous magnetic systems
such as granular films of Co-Cu [46] and Co-Ag [47], where
ferromagnetic grains are embedded in a non-ferromagnetic
background. For EuxSr1−xS, the firstneighbour Eu-Eu su-
perexchange interactions are positive, whereas the second-
neighbour Eu-Eu ones are negative [48]. The magnetic
state of these systems is explained by the competition
between the positive and negative exchange interactions.
The competing interactions result in frustration of the
clusters which leads to a freezing of the magnetic moment
of the clusters along a local easy direction below Tf .

A simple explanation can be present for the electri-
cal data. The resistivity of the polycrystalline samples is
determined by two contributions, i.e. contribution from
the intragrain regions (grains) and contribution from the
intergrain regions (grain boundaries). Spin-polarized in-
tergrain tunneling in these compounds has been carefully
studied and is known to depend on the grain size and
the properties of intergranular matter, which constructs
the intergrain barrier [49]. Conductive electrons can hop
from grain to grain through spin-dependent tunneling.
The probability of an electron tunneling across the inter-
granular barrier arises, when the magnetic moments of the
neighboring grains are not parallel and the electron spin
is conserved in tunneling. Randomly oriented moments of
grains can be aligned by an external field. This causes
a significant increase in the tunnel conductance, thereby
reducing resistivity of the granular system. With grain
growth, the intergranular tunneling gradually disappears,
while the intragranular one is enhanced [50].

Polycrystalline manganites usually show MR effect in
two distinct regions. One is pronounced near the magnetic
ordering temperature (intragrain MR), the other one is
dominant at low temperature where the magnetization is
substantial (intergrain MR) [51]. The physical origin of the
high-temperature MR has been explained by the existence
of magnetic polarons near TC [52].
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Above TMO the anion-deficient samples are paramag-
netic insulators and resistivity increases as the temper-
ature decreases. Below TMO an appearance of a metal-
lic state is not observed. The conductivity mechanism of
doped manganites is conditioned by 3d-Mn and 2p-O elec-
tronic bands. The doping in La1−xSrxMnO3 leads to a de-
crease in the gap between the 3d-Mn and 2p-O electronic
bands. For the stoichiometric samples above the x = 0.15
a pure ferromagnetic state is realized. At concentrations
x > 0.15 these samples exhibit metal-insulator transition
below TMO. This electrotransport behaviour is explained
by overlapping of the 3d-Mn and 2p-O bands. The ap-
pearance of oxygen vacancies leads to an extending of the
crystal lattice and, therefore, to a splitting of the above-
mentioned electronic bands. An increase in the concentra-
tion of oxygen vacancies give rise to an increase in the gap
between 3d-Mn and 2p-O bands. For the anion-deficient
La1−xSrxMnO3−x/2 samples the doping level x = 0.175 is
the critical one above which the metallic state is not real-
ized, although the ferromagnetic component is significant.
It should also be taken into account that the reduction
creates oxygen vacancies at the grain boundaries because
diffusion coefficients for oxygen on a grain boundary are
larger by one order of magnitude than those in the bulk.
The oxygen-poor microdomains appear on the grain sur-
face. As a result the electron transfer between grains is
difficult and the resistivity rises. The extraction of oxygen
from the grain boundaries leads also to a broadening of the
insulating barriers associated with intergrain boundaries
so the electrical resistivity should increase too [4].

4 Conclusions

The crystal structure, magnetization and electrotransport
properties vs. temperature and magnetic field for both
the stoichiometric La3+

1−xSr2+x Mn3+
1−xMn4+

x O2−
3 and anion-

deficient La3+
1−xSr2+x Mn3+O2−

3−x/2 (0 ≤ x ≤ 0.30) sys-
tems of ortomanganites have been studied. The stochio-
metric samples in the region of the 0 ≤ x ≤ 0.125 are
O′-orthorhombic perovskites whereas in the 0.175 ≤ x ≤
0.30 – rhombohedric. For the anion-deficient system the
symmetry type of unit cell is similar to stoichiometric one.
As doping level increases the anion-deficient samples in
ground state likly undergo a transition from antiferromag-
net A-type (x = 0) through inhomogeneous ferromagnetic
and antiferromagnetic (0 < x ≤ 0.175) state to cluster
spin glass (0.175 < x ≤ 0.30) one. All the anion-deficient
samples are semiconductors and show considerable mag-
netoresistance over a wide temperature range with peak
for x = 0.175 only. Concentration dependences of sponta-
neous magnetization and magnetic ordering temperature
for the anion-deficient La3+

1−xSr2+x Mn3+O2−
3−x/2 system of

ortomanganites have been established by magnetic mea-
surements and compared with those for the stoichiomet-
ric La3+

1−xSr2+x Mn3+
1−xMn4+

x O2−
3 one. Magnetic propeprties

of the anion-deficient samples may be interpreted on the
base of the superexchange interaction and phase separa-
tion (chemical disorder) models.
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