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1. INTRODUCTION

The La

 

1 – 

 

x

 

Ca

 

x

 

MnO

 

3

 

 system has a rich phase dia-
gram [1, 2], which includes paramagnetism, ferromag-
netism, antiferromagnetism, and charge and orbital
ordering depending on the temperature and doping
level 

 

x

 

. The compositions at the limits of the diagram

 

x

 

 = 0 and 1 are antiferromagnetic insulators of the 

 

A

 

 and

 

G

 

 types, respectively [2], and the material with interme-
diate compositions is either a ferromagnetic metal
(0.15 < 

 

x

 

 < 0.50) or a charge-ordered (CO) antiferro-
magnet. In compositions with 

 

x

 

 > 0.5, the ratio between
the ferromagnetic and charge-ordered antiferromag-
netic phases varies depending on the temperature. Stud-
ies of the magnetic and relaxation properties [3, 4] sug-
gest that the two phases coexist. Several explanations
were advanced in the literature to account for this
behavior. On the one hand, the coexistence of phases is
attributed to electronic phase separation observed in the
manganites [5], while, on the other hand, phase separa-

tion is ascribed to structural inhomogeneities in
ceramic samples which mediate local magnetic proper-
ties. Neutron scattering experiments suggest that the
charge-ordered antiferromagnetic state may be consid-
ered a manifestation of two interpenetrating lattices of
the Mn

 

3+

 

 and Mn

 

4+

 

 ions [6].
Replacement of even a small number of atoms in

position 

 

B

 

 in the perovskite manganite 

 

AB

 

O

 

3

 

 structure
by another transition metal affects the charge-ordering
and double exchange mechanisms [7, 8]. Iron enters
into the perovskite manganite structure in the form of
the Fe

 

3+

 

 ion [9–11], which is close in size to Mn

 

3+

 

 [12].
The properties of La

 

1 – 

 

x

 

Ca

 

x

 

Mn

 

1 – 

 

y

 

Fe

 

y

 

O

 

3

 

, such as the
temperature and magnetic field dependences of the
electrical resistivity, magnetothermopower, and mag-
netization, for compositions 

 

x

 

 < 0.5 are presently
known to a fairly good extent [9, 13–15]. The properties
and fine details in the magnetic phase diagram of
La

 

1 

 

−

 

 

 

x

 

Ca

 

x

 

Mn

 

1 – 

 

y

 

Fe

 

y

 

O

 

3

 

 for compositions with 

 

x

 

 > 0.5
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Abstract

 

—The temperature dependences of the magnetic susceptibility 

 

χ

 

(

 

T

 

) and the electrical resistivity 

 

ρ

 

(

 

T

 

)
of ceramic samples of La

 

1 – 

 

x

 

Ca

 

x

 

MnO

 

3

 

 with 

 

x

 

 = 0.67 (LCMO) and La

 

1 – 

 

x

 

Ca

 

x

 

Mn

 

1 – 

 

y

 

Fe

 

y

 

O

 

3

 

 with 

 

x

 

 = 0.67 and

 

y

 

 = 0.05 (LCMFO) are investigated in magnetic fields 

 

B

 

 = 50–10

 

5

 

 G and the temperature range 

 

T

 

 = 4.2–400 K.
Both samples undergo a transition from the paramagnetic state to a state with charge (orbital) ordering (CO) at
temperatures 

 

T

 

CO

 

 

 

≈

 

 272 K for LCMO and 

 

T

 

CO

 

 

 

≈

 

 222 K for LCMFO. The behavior of the paramagnetic phase
in the temperature range 320–400 K for LCMO and 260–400 K for LCMFO is described by the Curie–Weiss
law with effective Bohr magneton numbers 

 

p

 

eff

 

 = 4.83 

 

µ

 

B

 

 (LCMO) and 4.77 

 

µ

 

B

 

 (LCMFO), respectively. The
disagreement between the observed positive Weiss temperatures (

 

θ

 

 

 

≈

 

 175 K (LCMO) and 

 

θ

 

 

 

≈

 

 134 K (LCMFO))
and negative Weiss temperatures required for the antiferromagnetic ground state can be explained by the phase
separation and transition to the charge-ordered state. The magnetic irreversibility for 

 

T

 

 < 

 

T

 

CO

 

 is accounted for
by the existence of a mixture of the ferromagnetic and antiferromagnetic phases, as well as the cluster glass
phase. At low temperatures, doping with iron enhances the frustration of the system, which manifests itself in
a more regular behavior of the decay rate of the remanent magnetization with time. The temperature depen-
dence of the electrical resistivity in the range of the charge-ordered phase conforms to the variable-range hop-
ping model. The behavior of the electrical resistivity is governed by the complex structure of the density of
localized states near the Fermi level, which includes a soft Coulomb gap 

 

∆

 

 = 0.464 eV for LCMO and 0.446 eV
for LCMFO. It is established that the ratio between the localization radii of charge carriers 

 

a

 

 for LCMFO and

 

a

 

und

 

 for LCMO is 

 

a

 

/

 

a

 

und

 

 = 0.88.
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have not thus far been studied to a good enough
measure. Studies of charge ordering in the
La

 

1 

 

−

 

 

 

x

 

Ca

 

x

 

Mn

 

1 – 

 

y

 

Fe

 

y

 

O

 

3

 

 system for 

 

x

 

 = 0.67 and 0 

 

≤

 

 

 

y

 

 

 

≤

 

0.06 were reported in [16, 17]. It was shown that the
charge ordering temperature 

 

T

 

CO

 

, just as the Curie–
Weiss temperature, falls off linearly with increasing
iron doping 

 

y

 

. Direct transmission electron microscopy
observation identified the specific features of the super-
structure formed in charge and orbital ordering, which
are caused by substitution of Fe

 

3+

 

 for Mn

 

3+

 

 ions.

We report here on a study of the temperature depen-
dence of the electrical resistivity and magnetic suscep-
tibility of samples of La

 

1 – 

 

x

 

Ca

 

x

 

MnO

 

3

 

 (LCMO) with 

 

x =
0.67 and La1 – xCaxMn1 – yFeyO3 (LCMFO) with x = 0.67
and y = 0.05 in magnetic fields B ranging from 50 to 105

G and in the temperature range T = 4.2–400 K. The
attention was focused on the irreversible magnetic
behavior and electrical conductivity for temperatures T
< TCO.

2. EXPERIMENT

2.1. Preparation and Characterization of Samples

Ceramic samples of the La1 – xCaxMn1 – yFeyO3 (x =
0.67, y = 0.05) and La1 – xCaxMnO3 (x = 0.67) com-
pounds were prepared by the standard solid-state tech-
nology similar to that employed in the synthesis of
La1 − xCaxMnO3 in [18, 19]. A powder of the La2O3
oxide is hygroscopic and, therefore, was preliminarily
annealed. Mixtures of La2O3, CaCO3, MnO2 and Fe2O3
oxide powders were calcined at 1320°C in air for 40 h
with intermediate grinding. Then, the powder thus pro-
duced was pelletized at 2000 kg/cm2 and calcined at
1370°C in air for 22 h. The La0.33Ca0.67MnO3 and
La0.33Ca0.67Mn0.95Fe0.05O3 samples were characterized
by x-ray diffraction [16]. All the samples were single

phase and had Pbnm-type orthorhombic perovskite
structure with the lattice parameters a ≈ b ≈ 5.360 Å,
c ≈ 7.609 Å (LCMO) and a ≈ b ≈ 5.364 Å, c ≈ 7.580 Å
(LCMFO). Doping with iron practically did not affect
the lattice parameters.

The chemical composition of a grain in both the
iron-doped LCMFO and undoped LCMO samples was
very homogeneous. Energy-dispersive x-ray analysis
reported in [16] revealed that a change in the composi-
tion within a grain expressed in units of the La/Ca ratio
was less than 3%. When crossing over from one grain
to another, the content of La relative to that of Ca varied
from 0.31 to 0.35, with an average of 0.33.

The ratio of the Fe content to the (Mn + Fe) content
was equal to a nominal value of 5% in all the grains
studied. The grain size was 1–3 µm.

2.2. Magnetic Properties and Electrical Resistivity

The temperature dependence of the magnetic sus-
ceptibility χ(T) of the LCMO and LCMFO samples
was investigated with the use of a SQUID magnetome-
ter in the temperature range T = 4.2–400 K and mag-
netic fields of up to 1 T. The sample was cooled from
room temperature to 4.2 K in zero field (ZFC) or in a dc
field B = 50 G or 1 T (FC).

Measurements of the electrical resistivity ρ(T) were
conducted by the traditional four-point probe method at
temperatures 4.2 < T ≤ 300 K upon heating and cooling.

3. RESULTS AND DISCUSSION

3.1. Charge Ordering and Magnetic Behavior

Figure 1 presents the temperature dependence of
magnetic susceptibility

(1)

for the LCMO and LCMFO samples. Both samples
undergo a transition to the charge-ordered state at TCO =
272 ± 2 K and TCO = 222.0 ± 2.5 K, respectively. As the
temperature is lowered still more, the LCMO sample
reveals a noticeable difference between the susceptibil-
ities χFC and χZFC. At temperatures close to helium tem-
peratures, both samples exhibit differences between the
χFC and χZFC curves, which is a manifestation of the so-
called irreversible magnetic behavior.

In both (LCMO and LCMFO) samples, the magne-
tization at high temperatures T > TCO (i.e., above the
transition to the charge-ordered state) obeys the Curie–
Weiss law

(2)

where C is the Curie–Weiss constant and θ is the Weiss
temperature. The Curie–Weiss constant can be
expressed through the effective number peff of Bohr
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Fig. 1. Temperature dependences of the magnetic suscepti-
bility χ(T) of the (1) LCMO and (2) LCMFO samples under
FC and ZFC conditions in an external magnetic field
B = 1 T.
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magnetons µB and the concentration of magnetic ions
(N = 1.74 × 1022 cm–3 [15])

(3)

The fitting parameters for the approximation of the
experimental data by the Curie–Weiss law are listed in
Table 1. The difference between the theoretical figures

(calculated from the mixture rule  = g2( (  +

1)(1 – x – y) + (  + 1)x + (  + 1)y),

where  = 2,  = 3/2,  = 5/2 are the spins

of the corresponding magnetic ions) and experimental
values of peff suggests the presence of ferromagnetic
clusters. The Weiss temperatures θ = 175.8 K (LCMO)
and θ = 134.1 K (LCMFO) assume positive values.
Below θ, the ferromagnetic interaction should be dom-
inant. At the same time, the charge and magnetic order-
ing temperatures for La0.33Ca0.67MnO3 as derived from
neutron scattering measurements are TCO = 270 K and
TN = 160 K (the Néel temperature of the transition to
the antiferromagnetic state) [20, 21], thus indicating
that the major phase is an antiferromagnetic phase,
which implies that the temperature θ should be nega-
tive. This contradiction suggests that the compositions
under consideration undergo phase separation to pro-
duce an antiferromagnetic matrix with embedded ferro-
magnetic clusters. In the paramagnetic (PM) state at
temperatures substantially above TCO, there are no mag-
netic interactions, the fluctuations are small, and ferro-
magnetic clusters are not formed. Since the Néel tem-
perature (160 K) for the LCMO sample is lower than
the charge-ordering transition temperature, it is con-
ceivable that the magnetic order upon the transition to
the charge-ordered state is due to the Coulomb and
Jahn–Teller interactions rather than due to the major
magnetic interactions (double exchange and superex-
change). After the temperature has been lowered, ferro-
magnetic clusters appear against the paramagnetic
background and their presence affects the susceptibil-
ity. On the whole, the observed PM–CO transition in
the compositions studied reflects the interplay between
the ferromagnetic and antiferromagnetic cluster orders.

There are both experimental [22] and theoretical
[23] arguments that the perovskite-manganite systems
under consideration are capable of forming droplet
(cluster) states. Indeed, nonuniform carrier localization
gives rise to a nonuniform density of Coulomb energy,
which enhances the carrier energy. The system can
transfer to an energetically more favorable state
through formation of ferromagnetic states, and this is
what should bring about formation of ferromagnetic
clusters both in the paramagnetic and in the antiferro-
magnetic matrix.

The dependence M(B) (Figs. 2 and 3) supports the
existence of a ferromagnetic component, which grows

C peff
2 µB

2 N
3k
------.=

peff
2

S
Mn

3+ S
Mn

3+

S
Mn

4+ S
Mn

4+ SFe
3+ S

Fe
3+

S
Mn

3+ S
Mn

4+ S
Fe

3+

with decreasing temperature (Fig. 4). This growth is
particularly pronounced in the iron-doped sample. Note
that the remanent magnetization ∆m is very small;
indeed, even at 4.2 K, where it is maximum in both
compositions, ∆m does not exceed 0.3% of theoretical
saturation. This evidences a low concentration of ferro-
magnetic clusters with respect to the antiferromagnetic
phase.

The nonzero values of (MFC – MZFC)/B (Fig. 5) for
the LCMO and LCMFO samples suggest that the sys-
tem is frustrated. A characteristic feature of frustrated

Table 1.  Temperatures of the transition to the charge-
ordered state and fitting parameters for the approximation of
the susceptibility of the paramagnetic phase in the LCMO
and LCMFO samples with the Curie–Weiss law

Sample TCO, K θ, K

peff

experi-
ment theory

LCMO 271 ± 2 175.8 ± 1.2 4.83 4.216

LCMFO 222 ± 2.5 134.1 ± 1.1 4.77 4.26
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Fig. 2. Dependences of the magnetization on the external
magnetic field (hysteresis curves) for LCMO at 4.2 and
150 K: (a) magnetization curve near B = 0 on an enlarged
scale and (b) general view of the hysteresis curve.
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systems is a difference between the FC and ZFC curves
(Fig. 1). This difference originates from the spin
dynamics and is ordinarily observed below the freezing
temperatures of single ions in the spin glass state or
freezing temperatures of magnetic cluster moments in
cluster spin glass [24]. The frustration effect in the
LCMO sample is stronger at temperatures close to TCO

(T < TCO), i.e., in the range where phase separation has

not yet set in and the magnetic susceptibility does not
exhibit an irreversible behavior. The charge (orbital)
ordering forces formation of the magnetic structure,
i.e., favors the interaction between ions or magnetic
clusters. In doped compositions, frustration is weaker
and Fe3+ ions do not create Jahn–Teller distorted octa-
hedra and initiate additional chaos in the stacking of
distorted Mn3+O6 octahedra. This additional disorder in
the orbital structure reduces the frustration of a system
residing in the charge-ordered state. The temperature
dependence of (MFC – MZFC)/B displayed in Fig. 5 is
very nearly linear in the low-temperature range and
weak magnetic fields. The explanation of this depen-
dence may lie in that a decrease in the temperature
brings about the growth of the size of the ferromagnetic
clusters interacting with one another as magnetic
moments do in spin glass [13]. Moreover, the slope of
the curve for both samples is the same, with the ordi-
nates differing by a constant value. This implies that
iron, rather than being involved in formation of the
clusters, only reduces their concentration by its pres-
ence. We readily see (Fig. 5) that frustrations in the low-
temperature range are less sensitive to the external
magnetic field in the case of iron doping, the case where
(as we believe) the clusters are of a smaller size and the
fraction of the ferromagnetic phase is smaller.

Figure 6 plots the time dependences of the ther-
moremanent magnetization M(t) of the LCMO and
LCMFO samples at T = 4.2 K, as well as the magneti-
zation decay rate

(4)

The S(t) graphs for each sample reveal distinct first
maxima, which correspond to the relaxation time τ. The
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Fig. 3. The same as in Fig. 2 but for LCMFO.
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Fig. 4. Dependences of the remanent magnetization ∆m on
the temperature for the (1) LCMO and (2) LCMFO sam-
ples.
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Fig. 5. Temperature dependences of the difference between
the susceptibilities (MFC – MZFC)/B for the LCMO (closed
symbols) and LCMFO (open symbols) samples at external
magnetic fields B = (1, 3) 50 G, (4) 150 G, (5) 500 G, and
(2, 6) 1 T.
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magnetic relaxation (aging) effect is similar to what
one observes frequently in substances residing in the
spin glass state, and it evidences a specific nonequilib-
rium state of a frustrated system. The more correlated is
the system, the faster the first maximum appears and
the more complex is the pattern of the dependence. The
more frustrated LCMFO system does not show random
magnetization variations and secondary maxima in the
decay rate, which suggests a less correlated state of the
system. The situation with LCMO is different; indeed,
the primary relaxation occurs in a shorter time, and one
observes a random oscillation in the S(t) curve, which
may evidence more complex correlations in the mag-
netic spin (or cluster) system in the undoped composi-
tion as compared to the composition containing iron.

The evolution of the thermoremanent magnetization
can be fitted by a decay law that, to a first approxima-
tion, can be described by the relation

(5)M t( ) M0 M1e

t
τ
--⎝ ⎠

⎛ ⎞ 1 n–
–

,+=

where n = 0.65 ± 0.12 is the fitting parameter [16].
Equation (5) fits better the thermoremanent magnetiza-
tion data for the LCMFO sample than those for the
LCMO sample. The fitting coefficients and characteris-
tic relaxation times are listed in Table 2. Hence, in the
low-temperature range, frustrations become manifest
more clearly in the iron-containing samples. Iron
destroys the ferromagnetic interaction and enhances the
frustrations. Besides, Fe3+ ions are not involved in the
double exchange interaction and strengthen at the cor-
responding temperatures the spin glass phase.

3.2. Behavior of the Electrical Resistivity

Figure 7 plots the temperature dependences of the
electrical resistivity of the LCMO and LCMFO sam-
ples. The resistivity of both samples decreases with
increasing temperature. The measurements were per-
formed in the cooling and heating modes.

At high temperatures T > TCO, the behavior of the
electrical resistivity of both compositions under study
was analyzed in [16]. It was shown that, in this temper-
ature range, it varies in accordance with the small-
radius polaron hopping model [25].

As the temperature decreases, the electrical conduc-
tivity may become affected by ever finer interactions
(correlations); among them is the Coulomb interaction
of charge carriers with one another. The dependence of
the electrical resistivity on the temperature (Fig. 7)
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Fig. 6. Time dependences of the (a) thermoremanent mag-
netization M(t)/M(0) and (b) the rate of magnetization
decay S(t) for the (1) LCMO and (2) LCMFO samples. T =
4.2 K, H(0) = 500 G.

Table 2.  Fitting parameters for the thermoremanent magne-
tization decay and relaxation times for the LCMO and
LCMFO samples

Sample M1, 104 emu/g M0, 10–2 emu/g τ, 103 s

LCMO 4.85 ± 0.11 3.8225 ± 0.0003 1.318 ± 0.057

LCMFO 10.36 ± 0.04 1.4704 ± 0.0002 1.622 ± 0.057

0.1
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0.01

1

2
Ti

TCO

ρ,
 Ω

 c
m

Fig. 7. Temperature dependences of the electrical resistivity
ρ(T) of the (1) LCMO and (2) LCMFO samples upon heat-
ing (open symbols) and cooling (closed symbols).
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reveals a broad range within which variable-range hop-
ping mechanism operates [26]. The variable-range hop-
ping mechanism described by the Shklovskii–Efros
macroscopic law takes into account the Coulomb inter-
action between charge carriers. This theoretical model
permits one to relate macroscopic parameters (the elec-
trical resistivity and its temperature characteristics)
with the microscopic parameters of carrier hopping
from one localization center to another (the localization
radius, characteristic values of the density of states near
the Fermi level). We shall use this model to analyze the
dependence of the electrical resistivity in order to
derive the width of the soft (Coulomb) gap in the den-
sity of states in the single-particle model and the rela-
tive radius of electron localization (the characteristic
parameter of the carrier wave function at hopping cen-
ters) [26] from the fitting coefficients.

Figure 8 plots temperature dependences of the elec-

trical resistivity in the T–1/2–  coordinates. The

parameters of the hopping conduction mechanism were
calculated for the Shklovskii–Efros model

(6)

ρ
T

9/2
--------⎝ ⎠

⎛ ⎞ln

ρ T( ) ρ0 T( )
T0

T
-----⎝ ⎠

⎛ ⎞
p

⎝ ⎠
⎛ ⎞ ,exp=

where the preexponential factor depends on tempera-
ture

(7)

T0 is the characteristic Shklovskii–Efros temperature,
p = 1/2, m = 9/2 [15], and A is the preexponential factor
in the Shklovskii–Efros law. The electrical resistivities
of both LCMO and LCMFO samples follow relation
(6) in the range 150–200 K. The highest temperature at
which Eq. (6) is still valid is called the activation tem-
perature Tν of variable-range hopping conduction. This
temperature makes it possible to calculate the width of
the soft Coulomb gap [15] in the density of states of the
single-particle model from the relation

(8)

The characteristic parameters of this temperature
dependence are presented in Table 3. The microparam-
eter ∆ (the Coulomb gap width) can be estimated from
the expression for the electrostatic interaction energy

(9)

(10)

(11)

where e is the elementary charge, ε0 is the dielectric
constant, κ is the effective permittivity, r is the average
distance between Mn3+ ions, N0 = 1.74 × 1022 cm–3 is
the manganese ion concentration [15], and x and y are
the Ca and Fe concentrations (x = 0.67; y = 0, 0.05). The
Coulomb interaction energies for the undoped and Fe-
doped materials were 0.569 and 0.538 eV, respectively.
The concentration of localized electrons, just as that of
Mn3+ ions, decreases as the latter ions are substituted by
Fe3+ ions, provided the eg iron electrons remain local-
ized. The soft gap parameters derived from the fitting
microparameters for the experimental curves were
found to be 0.464 and 0.446 for the compositions with
y = 0 and 0.05, respectively. They agree with the esti-
mates and substantiate the suggestion that the eg elec-
trons of Fe3+ ions are not involved in the transport pro-
cesses in the temperature range under consideration.
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Fig. 8. Temperature dependences of the electrical resistivity
in the T–1/2–ln(ρ/T9/2) coordinates and their linear approx-
imation upon cooling for the (1) LCMO and (2) LCMFO
samples.

Table 3.  Fitting and characteristic parameters used for approximating the temperature dependence of the electrical resistivity
with the variable-range hopping model

Sample Mode A × 10–20, Ω cm K–9/2 T0, K Tν, K Λ, eV a/aund Ti(infl), K

LCMO T ↓ 0.00459 ± 0.00009 131276 ± 220 220.5 ± 0.9 0.4640 ± 0.0014

0.880

245.3

T ↑ 0.0132 ± 0.0009 122010 ± 680 210 ± 3 0.436 ± 0.004 239

LCMFO T ↓ 0.00105 ± 0.00009 128271 ± 800 208 ± 2 0.446 ± 0.003 –

T ↑ 0.0006 ± 0.0001 134066 ± 1900 178.1 ± 0.5 0.421 ± 0.004 –
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The microparameters thus obtained (A is the preexpo-
nential factor in Eq. (7), T0 is the characteristic temper-
ature, and Tν is the activation temperature of variable-
range hopping, which is the highest temperature at
which Eq. (6) is still valid, and, hence, the lowest on the
T–1/2 scale) yield the relative localization radius a (one
of the parameters in the percolation model [26]). The
relation [15]

(12)

permits one to estimate the ratio of the localization radii
for the samples under study (C is a constant). Based on
the light iron doping and the closeness in magnitude
between the ionic radii of Fe and Mn, it was assumed
that the C constants of the two compositions are com-
parable. The q and p parameters in Eq. (12) are 0 and
1/2, respectively; they were adopted from the problem
of variable-range hopping conduction including Cou-
lomb interaction (the Shklovskii–Efros mechanisms)
under the assumption of a hydrogen-like electron wave
function [15]. The ratio of the localization radii for the
iron-doped and undoped samples is 0.88. This suggests
that the iron doping enhances the degree of carrier
localization. In this case, the probability for an electron
to hop from one localization center to another is lower.
The electric resistivity of the LCMFO sample is, how-
ever, lower than that of the LCMO sample. This may be
attributed to the fact that the doping with iron destroys
orbital (and, hence, stripe) order of the charge-ordered
state to a larger extent than it increases carrier localiza-
tion. Orbital ordering induces antiferromagnetic order-
ing, thus enhancing the electrical resistivity [2]. At high
iron concentrations, however, the two mechanisms may
produce comparable effects, and the resistivity of the
material will start to grow.

Thus, the behavior of electrical resistivity in the
samples under study depends, in many respects, on the
charge (orbital) ordering and the doping with iron ini-
tiates additional disorder into the charge (orbital) and
magnetic structures.

As follows from an analysis of the dependence of
the electrical resistivity on the temperature (Fig. 7), in
the vicinity of the charge-ordering transition, one
observes a shoulder, which is particularly noticeable for
the undoped composition. It occurs at the temperature
Ti satisfying the relation

(13)

The phase transition to the charge-ordered (orbitally
ordered) state induces antiferromagnetic order and
charge nonuniformity [2]. This is most clearly seen in
the LCMO sample, whose temperature dependence
exhibits a distinct shoulder (245.3 K) near the charge-
ordering temperature, which we determined from mag-
netic measurements.

A
C

2
q

-----⎝ ⎠
⎛ ⎞ a

11
T0

7 q+( ) p
=

d ρ T( )log
dT

-----------------------
T Ti=

min.=

4. CONCLUSIONS

We have studied the effect of iron doping on the
electron-doped perovskite manganites. We have per-
formed studies of the magnetic susceptibility, magneti-
zation, magnetic relaxation, and electrical resistivity of
La1 – xCaxMn1 – yFeyO3 samples (x = 0.67, y = 0 and x =
0.67 and y = 0.05). The results obtained suggest that
these compositions exhibit charge (orbital) ordering, as
well as phase separation. Below the temperature of the
transition to the charge-ordered state, magnetic order
sets in through correlation with orbital ordering, which,
in turn, is initiated by the so-called Jahn–Teller vibronic
interaction [2]. The orbital ordering is conducive to the
frustration, which is most clearly pronounced in the
undoped composition. While the Fe-doped composi-
tion also exhibits charge (orbital) ordering, frustrations
manifest themselves to a lesser extent because of the
Mn4+–Fe3+ ion pairs not being involved in the double
exchange interaction. Studies of the magnetization
revealed the presence of a ferromagnetic component in
both samples. The remanent magnetization of the
doped sample is much lower in the temperature range
100–200 K, which evidences the disordering part
played by iron and suggests that iron ions are not
involved in the double exchange interaction. As the
temperature is lowered still more, the remanent magne-
tizations of the undoped and doped samples become
equal to each other. The studies of thermoremanent
magnetization relaxation, combined with the data
obtained on the magnetic susceptibility, permit the con-
clusion that, in the low-temperature range, the LCMO
and LCMFO compositions are in the cluster spin-glass
state. The specific features observed in the behavior of
LCMFO relaxation give grounds to assume that clus-
ters in LCMFO are of a smaller characteristic size than
those in LCMO. An analysis of the data on the electrical
resistivity showed that the formation of the charge-
ordered phase (particularly in LCMO) increases some-
what the electrical resistivity (particularly in LCMO) as
a result of the formation of the weakly conducting anti-
ferromagnetic phase. The growth of the electrical resis-
tivity in the LCMFO sample is accompanied by an
increase in the degree of charge carrier localization. For
the iron doping level and carrier concentrations realized
in the samples, the formation of the charge-ordered
state affects the magnetic properties and the electrical
resistivity of the LCMFO sample stronger than the
charge carrier localization does.
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