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Abstract
In ceramic La1−xCaxMnO3 samples with 0 � x � 0.15 and the concentration
of holes c = 0.18–0.22 between T = 77 and 340 K the resistivity, ρ, is shown
to have an activated character both above and below the ferromagnetic Curie
temperature, TC . The temperature dependence of the local activation energy,
Eloc (T ) = d ln ρ(T )/d(kT )−1 gives evidence for a variable-range hopping
conductivity over states of the Coulomb gap. The width of the gap� ≈ 0.24 eV,
the effective dielectric permeability κ ≈ 3.6 and the carrier localization radius
ξ ≈ 5.1 Å in the paramagnetic phase are determined. The value of ξ suggests
hopping of small lattice polarons at T > TC . With decreasing temperature two
successive transitions, at temperatures T ′

C and T ′′
C , associated with divergence of

the correlation length, are observed in the vicinity ofTC . They can be interpreted
in terms of critical increase (as T approaches T ′

C from higher temperatures) and
decrease (when T shifts from T ′′

C towards lower temperatures) of the radius
of magnetic polarons, generated by a small fraction of the lattice polarons as
T → TC . The difference between TC and the temperature of the first divergence
of ξ , T ′

C < TC , gives evidence of percolative character of the FM–PM transition.

1. Introduction

La1−xCaxMnO3 (LCMO for short) is a mixed-valence perovskite compound obtained by
substitution of La for Ca in the antiferromagnetic (AFM) insulator LaMnO3. Insertion of a
divalent alkaline element into La sites greatly modifies the electronic and magnetic properties of
the parent alloy by creating holes in the singlet Mn state by change of some Mn3+ ions to Mn4+

[1]. Other sources of holes are cation lattice vacancies [2] or deviations from the exact oxygen
stoichiometry [3]. Competition between the AFM Mn3+–Mn3+ superexchange interaction and
the ferromagnetic (FM) double-exchange Mn3+–Mn4+ interaction yields different magnetic
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phases in LCMO at different intervals of the temperature T , the composition x and the hole
concentration, c [4, 5]. Another reason for persistent interest in LCMO over recent years
is the very large drop of the resistivity, ρ, in an external magnetic field, known as ‘colossal
magnetoresistance’ (CMR) [6]. CMR attains its maximum value near the temperature of the
transition from the paramagnetic (PM) to the FM state, TC , for the compound with x ≈ 0.3. For
x between ∼0.2 and 0.5 the FM transition coincides with the metal–insulator transition (MIT).
At x < 0.2 LCMO remains insulating both above and below TC [7]. Extensive investigations
have shown that the nature of CMR and the variety of magnetic properties of LCMO and related
compounds cannot be understood without considering the significance of lattice or magnetic
polarons [7–9]. Distortion of the local environment around Mn3+ ions associated with the
Jahn–Teller effect and formation of lattice polarons has been established by x-ray absorption
measurements on LCMO with 0.2 < x < 0.5 over a wide range of T both above and below
TC [10]. A liquid-like spatial distribution of small magnetic polarons has been observed in
a Mössbauer study of the compounds with x = 0.05 and 0.08 [11]. From powder neutron
diffraction measurements on La1−xSrxMnO3 with x = 0.2 and 0.4 it has been concluded that
the lattice and magnetic polarons represent basically the same excitation [12].

Small-polaron hopping has been used to interpret different transport properties (resistivity,
Hall effect and thermoelectric power) in the insulating phase of LCMO and related compounds
[13–16]. It has also been argued that coherent motion of small polarons may contribute to
the resistivity of the metallic phase in LCMO [17]. However, information about the nature of
the resistivity in compounds where MIT does not take place at TC , namely when x is small,
corresponding to the insulating phase over the whole temperature range, is still lacking. In the
previously cited papers the temperature dependence of the resistivity of CMR compounds has
been explained on the basis of an activated process following a simple Arrhenius law. On the
other hand, in references [18–23] clear deviations from the Arrhenius law both in bulk samples
and in thin films of different CMR materials have been observed. The Mott mechanism [24]
of variable-range hopping (VRH) has been suggested to interpret conductivity in these papers.
However, little attention has been paid to other possible reasons for the VRH conductivity. Here
we present investigations of the resistivity in the insulating phase of LCMO, demonstrating
clearly that the VRH conductivity of LCMO is determined by the Shklovskii–Efros mechanism
[25] which sets in when the Coulomb interaction between the charge carriers is important. It is
also shown that the analysis of the hopping conductivity in different temperature regions gives
important information, which is closely related to details of the magnetic state of the system.

2. Experimental results

The LCMO samples with x = 0, 0.05 and 0.15 (denoted below as #1, #2 and #3) were
synthesized with the conventional ceramic technique (see e.g. [5]) by mixing stoichiometric
amounts of La2O3, CaCO3 and MnO2 and heating in air with intermediate grindings. X-ray
diffraction measurements showed that all samples were of single phase, having the undistorted
cubic structure (space group Pm3m). From dc magnetization measurements the values of c and
TC collected in table 1 were obtained [26]. The deviation of c from the corresponding value
of x is connected with formation of vacancies in the metallic sublattice during preparation of
the sample.

Measurements of the resistivity function ρ(T ) between T = 77 and 340 K with the
standard four-probe technique yielded the same result for increasing and decreasing values of
T . As shown in figure 1 the resistivity of the samples #1 and #2 has an activated semiconductor-
like character over the whole temperature range. Near TC a clear inflection is observed in the
ρ(T ) curves. For sample #3 this inflection has the shape of a shallow maximum with a small
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Table 1. The composition (x), the relative (c) [18] and absolute (nh) concentrations of holes, the
Curie temperature (TC ) [18], the characteristic VRH temperature (T ′

0), the onset temperature of
VRH (Tv), the width of the Coulomb gap (�′), the dielectric permeability (κ ′) and the localization
radius (ξ ′) in the stable regime of LCMO.

Sample nh TC T ′
0 Tv �′ ξ ′

No x c (1020 cm−3) (K) (104 K) (K) (eV) κ ′ (Å)

#1 0.00 0.21 4.45 172 2.73 275 0.235 3.7 4.6
#2 0.05 0.18 3.82 173 2.46 317 0.240 3.5 5.4
#3 0.15 0.22 4.66 190 2.43 320 0.240 3.7 5.2

Figure 1. The experimental temperature dependence of the resistivity for samples #1, #2 and #3.

interval of metal-like behaviour just below TC . Generally, the shapes of the ρ(T ) curves and
the resistivity values resemble those for La1−xAxMnO3 with A = Ca [15, 27, 28], Ba or Sr
[7] at low x in the FM insulating part of the magnetic phase diagram.

The temperature dependence of the susceptibility χ was measured with a SQUID
magnetometer after cooling the sample from 310 to 5 K in zero (B < 0.1 G) field (ZFC)
or in a field of 2 G (FC). As is evident from figure 2, the PM-to-FM transition appears in all
of the samples with the values of TC equal to those collected in table 1. Additionally, the
onset of a strong magnetic irreversibility indicated by deviation of χZFC(T ) from χFC(T ) is
observed at a temperature slightly below TC . Such irreversibility is a signature of a spin-glass
(SG) phase, which has been confirmed by investigations of long-time relaxation of the thermo-
remanent magnetization [29] and the frequency dependence of the ac susceptibility [30] for
the same specimens.

3. Analysis of the results

For crystalline semiconductors with a well-defined energy gap the activated character of the
conductivity may be determined by thermal activation of electrons from the valence band to
the conduction band (intrinsic conductivity) or from the impurity levels (impurity conduction).
Another determinant is hopping of localized electrons from a state below the Fermi level to a
state above it inside the impurity band (hopping conductivity) [25]. The hopping mechanism is
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Figure 2. The temperature dependence of χZFC and χFC for samples #1, #2 and #3.

often responsible for the conductivity of non-crystalline materials [24] when the carrier density
of localized states (DOS) is a continuous function of the energy. Thermally activated hopping
transport may also be realized when the carriers are lattice or magnetic polarons [24]. Because
in LCMO the intrinsic conductivity has been observed at very high temperatures ∼1000 K
[27], it is not considered below.
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The impurity conduction and the hopping conductivity over the nearest sites (NSH) obey
a similar Arrhenius-like law:

ρ(T ) = ρ0 exp(Ea/kT ) (1)

where the prefactor ρ0 is only a weak function of temperature and the activation energy Ea

does not depend on T . In some cases it is energetically favourable for a localized carrier to
hop to a site beyond the nearest-neighbour centres. Then the average hopping length exceeds
the average distance between the sites, and the VRH conductivity sets in [24, 25]. In this
regime Ea is not constant but depends on T . The aforementioned cases include those where
the DOS is constant within some interval of energy around the Fermi level µ (the Mott-VRH
regime [24]) or has a parabolic gap with the width � due to the Coulomb interaction between
the localized carriers (the Shklovskii–Efros or SE-VRH regime [25]). In all of these cases the
activation energy can be written in a universal form

Ea(T ) = kT

(
T0

T

)p

(2)

where T0 is a constant and p = 1, 1/4 or 1/2 for the NSH conductivity, the Mott-VRH and the
SE-VRH conductivity, respectively.

In the SE-VRH regime the prefactor in equation (1) ρ0 ∼ T 1/2 [31], while in the Mott
regime ρ0 ∼ T s where a variety of values of the exponent s = −1/4,−3/4 [25] or −3/8
[31] have been proposed depending on details of the applied model. On the other hand, in
all of these cases the temperature dependence of the prefactor ρ0 in the Mott regime is much
weaker than the exponential one and can be neglected while maintaining sufficient accuracy.
Therefore, to identify the type of VRH conductivity a usual practice is to plot ln[T −1/2ρ(T )]
versus T −1/2 or ln[ρ(T )] versus T −1/4 to obtain a straight line. However, as is evident from
figures 3(a) and 3(b), below TC the two plots represent straight lines of the same quality. In
such a situation evaluation of the local activation energy [25]

Eloc(T ) = d ln ρ(T )

d(1/kT )
(3)

is an effective method for identification of the type of hopping. As follows from equations (1)–
(3), neglecting the weak temperature dependence of ρ0, the slope of the linear dependence of
ln[Eloc(T )/kT ] on ln T gives the value of −p.

As can be seen from figure 4, the plots of ln[Eloc(T )/kT ] versus ln T for samples #1
and #2 have sharp minima at Tm = 163 and 165 K, respectively. For #3 a steep decrease is
observed as T approaches the temperature Tm = 164 K from above or T ∗

m = 183 K from
below. Due to a metallic behaviour, evident also from figure 1, Eloc does not exist within the
gap between Tm and T ∗

m. At Tm < T < Tv a constant slope with p close to 1/2 (the dashed
lines in figure 4) satisfies the SE-VRH requirement. On a larger scale between T ∼ 180 and
340 K the plots of ln[Eloc(T )/kT ] versus ln T are shown in figure 5. The values of p in
figure 5, obtained from a least-squares fit with the error of ∼10% , provide clear evidence
for the SE-VRH regime in all of the samples investigated. The values of Tv are collected in
table 1. For convenience we distinguish the ‘stable regime’ with a constant slope of the plots
of ln[Eloc(T )/kT ] versus ln T , and the ‘critical regime’ with a steep variation of Eloc. The
latter is realized when T approaches Tm (or T ∗

m) from both sides, while the former exists only
above Tm. Below Tm or T ∗

m the plots of ln[Eloc(T )/kT ] versus ln T cannot be characterized
by a constant slope with sufficient accuracy within any significant temperature interval. This
suggests a crossover between the stable and the critical regimes when T is decreased below
the region of pure critical behaviour. The proximity of Tm to TC shown by the dotted line in
figure 3 is also noticeable.
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Figure 3. The resistivity versus T −1/2 (a) and T −1/4 (b) for samples #1, #2 and #3. The dotted
lines represent the fits to a linear function.

Assuming the SE-VRH mechanism we analyse our data separately in the intervals of
T > Tm (where all characteristic parameters are marked with a single prime, e.g. T ′

0, ξ ′ etc)
and T < Tm (using the double prime, T ′′

0 , ξ ′′ etc) and exclude the interval between Tm and T ∗
m.

According to the SE model [25] the VRH characteristic temperature T0 and the width of the
gap � can be written as

T0 = βe2

kκξ
� = 2

e3g
1/2
0

κ3/2
(4)
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Figure 4. Local activation energy versus temperature for samples #1, #2 (shifted by 1.6 units along
the y-axis) and #3. The dashed lines correspond to the slope −1/2. The solid lines are calculated
as described in the text. The vertical dotted lines mark the values of TC .

where ξ is the correlation length or the localization radius of a hopping carrier, κ is the dielectric
permeability, β = 2.8, g0 is the value of the DOS outside the gap andNs is the concentration of
hopping sites taken equal to the hole concentration nh (see table 1). A transition to the SE-VRH
conductivity takes place when Ea(T ) becomes equal to �. This condition and equation (2)
allow � to be expressed in terms of the experimentally observable parameters T0 and Tv (the
temperature of the onset of the VRH) as

� = k
√
T0Tv. (5)
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Figure 5. Local activation energy versus temperature for samples #1, #2 and #3 between 180 and
340 K in an enlarged scale. The solid lines are the linear fits; the corresponding values of p are
shown.

The values of T ′
0 were found from the slopes of the linear dependence of ln(T −1/2ρ) versus

T −1/2 (see figure 3 (a)) in the stable regime between Tm and Tv (see table 1). Then the
values of �′ were evaluated using equation (5) (they are listed in table 1 also). As shown by
magnetization measurements, the carriers are localized in LCMO within an interval of width
W ≈ 1.9 eV [26]. Therefore, taking into account that �′ � W and approximating the DOS
with a function of rectangular shape, the values of the DOS outside the gap evaluated from the
equation g0 ≈ nh/W are found to be 2.34 × 1020, 2.01 × 1020 and 2.45 × 1020 eV−1 cm−3

for the samples #1, #2 and #3, respectively. Then κ ′ and ξ ′ are obtained from equations (4).
The values of ξ ′, κ ′ and �′, collected in table 1, do not show any systematic dependence on x.
According to the SE model, � is approximately equal to the energy of the Coulomb interaction
between the carriers. This energy can be found from the equation

U ′ ≈ e2/κ ′Rs (6)

where Rs = 2(4πNs/3)1/3 is the average distance between the hopping sites giving U ′ ≈
0.24 eV in agreement with the values of �′ found above. Hence, the application of the SE
model provides a consistent description of VRH in the stable regime at T > Tm.

To analyse Eloc(T ) in the critical regime we suppose that the critical behaviour of the
correlation length obeys the scaling law

ξ(T ) = ξ0τ
−ν . (7)

Here ξ0 is independent of T and equal to ξ in the stable regime, ν is the critical exponent of
the correlation length, τ ′ = (1 − T ′

C/T )
−ν ′

at T > Tm, τ ′′ = (1 − T/T ′′
C )

−ν ′′
at T < Tm, and

T ′
C and T ′′

C are the critical temperatures. From equations (1)–(3) we obtain with p = 1/2

ln
Eloc(T )

kT 1/2
= − ln 2 + C +

ν

2
ln τ (8)
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where C = (1/2) ln T0. The parameters T ′
C and T ′′

C (see table 2) were inserted to obtain a
linear dependence of the left-hand side of equation (8) on ln τ as T → Tm ± 0 (see figure 6).
Then these plots were fitted with a linear law (the solid lines in figure 6) to find the values
of C ′, ν ′ and C ′′, ν ′′. They are collected in table 2. The critical exponents are found to be
sample and temperature independent and close to unity. The critical temperatures exhibit
different behaviour: T ′

C increases while T ′′
C decreases when x is increased. Additionally, the

ratio T ′
C/TC = 0.95 ± 0.02 is nearly constant. The values of C ′′ decrease systematically with

x, while C ′ is practically independent of x. The above analysis shows that the correlation
length of the carriers in the critical regime can be well described with the scaling law (7) on

Figure 6. Critical behaviour of the local activation energy versus temperature for samples #1, #2
and #3 at T > Tm and T < Tm (inset). The solid lines are the fits to linear functions. In parenthesis
we show the shifts of the corresponding curves along the y-axis.

Table 2. The values of the fitting parameters in the critical regime.

Sample T ′
C ζ ′

No (K) ν′ C′ (1/2) ln T ′
0 (10−4) T ′′

C ν′′ C′′

#1 159 0.98 6.46 5.11 3.0 172 0.97 5.89
#2 165 0.98 6.45 5.06 2.4 165 0.98 5.72
#3 185 0.99 6.49 5.02 2.0 162 0.99 4.92
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both sides of Tm. However, in general the description of Eloc(T ) at T > Tm is inconsistent. In
table 2 we show also the values of (1/2) ln T ′

0 (the argument of the logarithm is in K) evaluated
with T ′

0 obtained previously in the stable regime (table 1). The large difference between the
values of C ′ and (1/2) ln T ′

0 gives evidence that the critical and the stable regimes cannot be
described simultaneously assuming equation (7) with ξ ′

0 equal to the correlation length (ξ ′)
which has been found previously in the stable regime. In other words, the correlation length
should exhibit a discontinuity in such a description when the transition from the stable to the
critical regime takes place, whereas no discontinuity is observed in the temperature dependence
of Eloc at T > Tm.

This contradiction does not appear if we suppose two types of hopping carrier with the
concentrations n1 and n2 satisfying the condition of η ≡ n2/n1 ≈ n2/nh � 1 and with the
temperature-independent correlation lengths ξ1 = ξ equal to that in the stable regime, and
ξ2(T ) = ξ02τ

−ν satisfying a scaling law similar to equation (7) with ξ02 independent of T . The
mean correlation volume per carrier is defined by V = (n1V1 +n2V2)/nh where Vj = 4πξ 3

j /3
(j = 1, 2). Then the mean correlation length satisfies the equation

ξ(T ) = ξ1(1 + ζ τ−3ν)1/3 (9)

where ζ ≡ η(ξ02/ξ1)
3 � 1 if ξ1 and ξ02 are comparable. As follows from equation (9), due to

the smallness of ζ in the stable regime we have ξ(T )≈ ξ1 which does not depend on T . In the
critical regime ξ(T ) ≈ ξ1ζ

1/3τ−ν because of the unlimited growth of τ as T approaches T ′
C or

T ′′
C . Therefore, the results obtained above for both regimes remain the same but the value of
C is connected to T0 by the equation C = D − (1/6) ln ζ where D = (1/2) ln T0. This gives
ζ = exp(3 ln T0 − 6C). Using the values of C ′ from table 2, we obtain those of ζ ′ which are
collected in the same table. It is seen that the condition of ζ ′ � 1 is well satisfied. Using
equations (1)–(3) and (9), we obtain the equation

ln
Eloc(T )

kT
= − ln 2 + D − 1

2
ln T − 1

6
ln(1 + ζ τ−3ν) (10)

which should be valid both in the stable and in the critical regime. We fit the dependence of
Eloc(T ) from equation (10), taking ν = 1 on both sides of Tm, and find a complete agreement
with the experimental data (see figure 4). The values of T ′

C , D′ and ζ ′ (T < Tm) and T ′′
C , D′′

and ζ ′′ (T > Tm) are collected in table 3. As follows from comparison of the data in tables 2
and 3, the values of T ′

C and T ′′
C obtained by the fitting of Eloc(T ) in the critical regime alone

and over the whole temperature range are very close, and those of ζ ′ are similar. From both
fits we conclude that ζ ′ is approximately independent of x.

Table 3. The values of the fitting parameters over the whole temperature interval.

Sample T ′
C ζ ′ T ′′

C

No (K) D′ (10−4) (K) D′′ ζ ′′

#1 162 5.19 2.4 173 5.44 0.06
#2 165 5.14 2.7 167 5.25 0.05
#3 185 5.16 4.2 162 4.50 0.07

Next, the values of D′ are found close to (1/2) ln T ′
0, thus removing the aforementioned

contradiction of discontinuity of the correlation length at T > Tm. A good agreement between
the experimental and the calculated data at T < Tm supports the conclusion that in this
temperature interval the stable regime is not reached down to the lowest temperature used
in the measurements. The values of ζ ′′ are �1 but much higher than ζ ′. They do not
exhibit a systematic dependence on x, with the result that the ratio ξ ′′

02/ξ
′′
1 is nearly constant.
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Additionally, the relation C ′′ −D′′ = −(1/6) ln ζ ′′ is satisfied with a high accuracy, indicating
the absence of a discontinuity of the correlation length also at T < Tm. The parameters C ′′

and D′′ are found to be linear functions of ln(1 − x/xt ) with xt ≈ 0.175 and the angular
coefficient is very close to 0.5 (see figure 7). Taking into account the first of equations (4) and
the definition of C ′′ and D′′, this means that both lengths, ξ ′′

1 and ξ ′′
02, as well as ξ ′′ as a whole,

exhibit the scaling behaviour ξ ′′ ∼ (1 − x/xt )
−ν with ν ≈ 1.

Figure 7. Critical behaviour of the parameters C′′ and D′′ versus composition.

4. Discussion

As follows from the previous section, the SE model of the VRH conductivity provides a
consistent description of the local activation energy of LCMO over the whole temperature
interval, including both the stable and the critical regimes. This model takes into account
the generation of the Coulomb gap around the Fermi level. On one hand, it has been shown
above that in LCMO the width of the gap practically coincides with the energy of the Coulomb
repulsion between the localized carriers. On the other hand, the existence of a gap with
the width of 0.215 eV in the DOS was found recently in variable-temperature scanning
tunnelling microscopy/spectroscopy studies of LCMO with x = 0.2 [32]. This value is
quite close to that found in our work (table 1). The critical exponent ν ≈ 1 is the same as
that determining the divergence of the correlation length at the MIT in doped semiconductors
[31]. The value of ξ ′ found above in the stable regime (table 1) is also very close to the carrier
localization radius ξ ≈ 5 Å estimated from Gaussian fluctuations in the magneto-thermopower
of La0.6Y0.1Ca0.3MnO3 [33]. On the other hand, the value of ξ ′ satisfies the condition ξ ′ � rp
where rp = (1/2)(π/6Ns)

1/3 ≈ 5.4 Å is the limiting size of a small lattice polaron [24].
As mentioned in the introduction, only the Mott-VRH regime has been considered

to interpret the conductivity of different CMR materials [18–23]. In this way, e.g. for
La1.5Sr0.5MnRhO6, ξ ≈ 2 Å was obtained, assuming the DOS at the Fermi level to be
g(µ) ≈ 1020 eV−1 cm−3 [23]. It is easy to show that similar values of the correlation length
would be found for our LCMO samples if we supposed Mott-VRH conductivity and considered
only figure 3(b). In fact, in the Mott regime we have T0 = 21/[kξ 3g(µ)] [25] and the linear
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fits of the plots in figure 3(b) below TC yield T0 = 7.6×107, 5.7×107 and 6.0×107 K, giving
ξ ′ = 2.4, 2.8 and 2.6 Å for the samples #1, #2 and #3, respectively (here we use the values of
g(µ) = g0 found above). However, these values of ξ ′ are contradictory, because for T < TC
they lead to the average hopping length, Rh = (3/8)ξ ′(T0/T )

1/4 ≈ 8–10 Å which is smaller
than the average distance between the hopping sites Rs ≈ 16–17 Å. Similar contradictions
were found in the analysis of the VRH conductivity with the Mott law for the insulating phase
of La0.7Sr0.3MnO3, giving ξ = 1.3 Å [18], and even more drastic ones yielding completely
unphysical values of ξ for Pr0.7Pb0.3MnO3 (ξ = 0.2 Å [18]), Sm0.7Sr0.3MnO3 (ξ = 0.26 Å
[19] and 0.29 Å [20]) and La0.7Ca0.3MnO3 (ξ = 0.56 Å [19]). Due to these contradictions
in [18] the ‘magnetic localization’ mechanism has been proposed and used to interpret the
data in references [18–20], yielding a better value of ξ = 4.5 Å for La0.7Sr0.3MnO3 but still
too small a value of ξ = 0.8 Å for Pr0.7Pb0.3MnO3 [18]. On the other hand, in [19] it was
mentioned that for the Sm0.7Sr0.3MnO3 sample the SE-VRH mechanism with p = 1/2 also
gives a satisfactory fit to the temperature dependence of the resistivity. However, the SE model
was applied to interpret the resistivity data neither in this nor in the other papers cited earlier.

Investigations of infrared optical properties of La0.7Ca0.3MnO3 thin films [34] at 300 K
have yielded the value of the high-frequency dielectric permeability κ∞ ≈ 9 which is greater
than κ ′ ≈ 3.6 found above. Taking into account that the static permeability κ0 exceeds κ∞, the
meaning of the parameter κ used in this work should be refined. In equations (4) κ appears as
a result of taking into account the energy U ≈ e2/κRs of the Coulomb interaction between the
localized charge carriers. For Rs 
 a (the lattice parameter) the continuum approximation
is valid and κ = κ0, while for Rs < a the value of κ ≈ 1. However, we have a = 7.8 Å
and Rs ≈ 16–17 Å which represents a crossover between these two limits. In such a case it
is natural to expect that 1 < κ < κ0. Hence, κ does not represent the true static dielectric
permeability but is only an effective parameter, which describes the Coulomb interaction
between the localized charge carriers when the continuum approximation does not work.

The observed behaviour of the local activation energy with reduction of temperature is
consistent with the following interpretation. In the stable regime our resistivity data can be
interpreted in terms of hopping of small lattice polarons in the PM phase of LCMO. As T
tends to T ′

C , entering the critical region of the VRH conductivity, a small fraction of the lattice
polarons act as centres for generation of magnetic polarons. In the critical regime the radius
of the magnetic polarons exhibits a critically rapid growth. The value of T ′

C corresponds to the
divergence of the correlation length, while the PM–FM transition may occur even at a finite
value of the polaronic radius. In fact, if the PM–FM transition were percolative in nature, then
it would be governed by generation of an infinite cluster of overlapping magnetic polarons.
The volume fraction of the polarons can be written as

θ(T ) = (4π/3)ηnh(ξ
′
2)

3 = (4π/3)ζnh(ξ
′
1)

3 (1 − T ′
C/T )

−3ν .

The generation of the infinite cluster takes place when the volume fraction of the polarons
reaches the critical value θc = 0.29 [25]. At θ(TC) = θc we obtain

T ′
C

TC
= 1 −

[
4πζ ′nh(ξ ′

1)
3

3θc

]1/3ν

(11)

and T ′
C/TC = 0.955 ± 0.004, in excellent agreement with the observed value 0.95 ± 0.02 (see

section 3). This confirms the percolative character of the PM–FM transition in our LCMO
samples.

The divergence of the correlation length suggests that we are dealing with a MIT. However,
in sample #3 which has the highest x the metallic conductivity with zero activation energy is
observed only within a narrow temperature interval (Tm, T ∗

m) while in samples #1 and #2 it
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is not observed at all. The reason is a decomposition of the metallic FM phase caused by a
critically rapid decrease of the polaron radius, when the correlation length restores a finite value.
This occurs below T ′′

C . For sample #3, T ′′
C < T ′

C ; therefore there exists a small temperature
window of the FM metallic state. For sample #2, we have T ′′

C ≈ T ′
C , while for sample #1, T ′′

C

even exceeds T ′
C and coincides with TC , which indicates a transition into a mixed, or partially

disordered FM phase with a large but always finite correlation length. This agrees well with
the susceptibility data shown in figure 2. We see that the onset of the magnetic irreversibility
or deviation of χZFC(T ) from χFC(T ) typical for a frustrated SG or mixed (FM + SG) state
practically coincides with the steep increase of both susceptibilities identified as the FM–PM
transition at TC . Because ζ ′′ 
 ζ ′, after destruction of the FM or the mixed state the number
of magnetic polarons is not conserved. This suggests the existence of an intermediate strongly
(or even completely) polarized state, which splits into finite-size magnetic polarons below T ′′

C

generating a new phase, different from that above T ′
C .

At a temperature TG between ∼90 and 70 K (decreasing when x is increased) which is
well below T ′′

C , the onset of the frequency dependence of the ac susceptibility is observed [30].
The frequency dependence of TG is described by a critical slowing-down law characterized by
a minimum relaxation time ∼10−12 s, which is typical for a spin-flip frequency of atomic-size
spins [30]. Therefore, in the interval T < TG the magnetic polarons should have a small radius,
as in the PM phase, or even vanish. This is valid provided that the value of x is sufficiently
small. When x is increased, the correlation length below T ′′

C increases according to the scaling
law (see the end of section 3). As x → xt , the divergence of ξ ′′ indicates vanishing of the
insulating state at T < TC above xt ≈ 0.175. Experimentally the metallic phase is observed
in LCMO at T < TC starting from x = 0.2 [7]. Therefore, investigations between x ≈ 0.15
and 0.2 would be interesting, to see how the metallic phase gradually sets in.

The scenario described above is similar to that observed recently in LCMO with x ≈ 0.3 by
means of muon spin-relaxation and neutron spin-echo measurements [35] where the existence
of two spatially separated regions in close proximity possessing very different Mn-ion spin
dynamics was found. One of the regions corresponds to an extended cluster, displaying critical
slowing down near TC and increasing volume fraction below TC . The second region possesses
more slowly fluctuating spins and decreasing volume fraction below TC . This behaviour was
explained as reflecting formation and accretion of magnetoelastic polarons, which have an
influence on the FM transition.

5. Conclusions

The resistivity of LCMO with 0 � x � 0.15 and c = 0.18–0.22 is shown to have an activated
character both above and below TC . The temperature dependence of the local activation energy
in the PM phase manifests the VRH conductivity over the states of the Coulomb gap. The
effective dielectric permeability, the value of the gap and the correlation length of the charge
carriers are determined. Values of ξ and�very close to our results were obtained independently
in [32, 33]. The value of ξ ′ � rp is consistent with hopping of small lattice polarons. With
decreasing T two successive transitions are observed, corresponding to temperatures T ′

C and
T ′′
C associated with the divergence of the correlation length. They can be interpreted in terms of

critical increase (as T approaches T ′
C from higher temperatures) and decrease (when T shifts

from T ′′
C towards lower temperatures) of the radius of the magnetic polarons, which can be

generated by a small fraction of the lattice polarons as T → TC . The difference between TC
and T ′

C gives evidence for percolative character of the FM–PM transition.
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