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Abstract: In this work, we analyze the electrical behavior of strontium ferromolybdate below room
temperature. We demonstrate that in SFMO ceramics, SFMO thin films deposited by pulsed laser
deposition including (100) and (111) textured thin films, as well as in nonstoichiometric SFMO
ceramics, an intergrain tunneling mechanism of charge carrier conduction leads to a decrease in
resistivity with increasing temperature in the low-temperature region. This intergrain tunneling can
be attributed to fluctuation-induced tunneling. On the other hand, bulk metallic resistivity of the
grains, which increases with temperature, becomes dominant at higher temperatures and magnetic
fluxes. The interplay of these conduction mechanisms leads to a resistivity minimum, i.e., a resistivity
upturn below the temperature of minimum resistivity. Several mechanisms have been discussed in
the literature to describe the low-temperature upturn in resistivity. Based on available literature data,
we propose a revised model describing the appearance of a low-temperature resistivity minimum in
SFMO ceramics by an interplay of fluctuation-induced tunneling and metallic conductivity. Addi-
tionally, we obtained that in the region of metallic conductivity at higher temperatures and magnetic
fluxes, the pre-factor Rm of the temperature-dependent term of metallic conductivity written as a
power law decreases exponentially with the temperature exponent m of this power law. Here, the
value of m is determined by the charge scattering mechanism.
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1. Introduction

Strontium ferromolybdate (Sr2FeMoO6−δ, SFMO) double perovskites are promising
candidates for magnetic electrode materials for room-temperature spintronic applications,
because they have a half-metallic character (with theoretically 100% electron spin polar-
ization), present a high Curie temperature of about 420 K (magnets should be operated in
their ordered magnetic state below Curie temperature), and show a low-field magnetoresis-
tance [1].

Modern artificial intelligence (AI) text generators such as ChatGPT are based on
neural networks. The conventional complementary metal–oxide–semiconductor (CMOS)
neuron and synapse designs require numerous transistors and feedback mechanisms and
would be unsuitable for developing modern AI systems. Since the early developments
of neural network theory, magnetic materials have been used for modeling brain-like
systems. The main advantage of spintronics compared to other resistive memories for
neuromorphic computing is the possibility to induce complex and tunable resistance
dynamics through spin torque. Like other memory cells, they can switch between two
fixed states, allowing them to emulate synapses. Thus, neuromorphic spintronics aims to
develop spintronic hardware devices and circuits with brain-inspired principles [2], i.e.,
spintronics is a promising approach to neuromorphic computing as it potentially enables
energy-efficient and area-efficient embedded applications by mimicking key features of
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biological synapses and neurons with a single device instead of using multiple electronic
components [3,4].

The main reasons for the still missing wide application of SFMO is the low repro-
ducibility of its electrical and magnetic properties originating in the formation of point
defects and grain boundaries with a composition different from the bulk of the grains, as
well as its aging in contact with air and moisture.

The charge transport mechanisms of perovskites are strongly dependent on synthesis
conditions and, thus, on the microstructure of the material (single-crystalline, polycrys-
talline, grain size, nature of grain boundaries, and others) formed by its synthesis. SFMO
ceramics obtained by solid-state reactions using one and the same procedure were insulat-
ing, metallic, or in an intermediate state in dependence on the precursors and annealing
temperature and time [5]. In SFMO, the transport properties are dominated by spin-
polarized intergrain tunneling through insulating grain boundaries [6]. Therefore, the
transport properties will be different in ceramics, thin films, and single crystals. Single
crystals possess a 4 mm symmetry while ceramics have a ∞m one. Columnar thin films
will be in an intermediate state between 4 mm and ∞m symmetry. Consequently, the
interpretation of grain size parameters will be very different for each of these structures.
Under specific synthesis conditions, SFMO ceramics consist of SrMoO4 (SMO) intergrain
energy barriers between conductive bulks of SFMO grains induced by a small oxygen
excess during material fabrication [7]. Previously, we have shown that an appropriate
thermal treatment leads to the formation of dielectric SrMoO4 shells at the surface of SFMO
nanograins. The formation of thin insulating SrMoO4 surface layers suppresses the metallic
conductivity owing to the appearance of intergrain fluctuation-induced tunneling [8]. The
ease of forming SMO shells around SFMO grains during synthesis simply by excess oxygen
during synthesis makes SFMO an easy-to-fabricate, natural core–shell material.

Generally, several mechanisms have been discussed to interpret the low-temperature
resistivity upturn that was visible in experiments: (i) inelastic scattering of electrons by
impurity ions in impure metals [9], (ii) Kondo-like effects associated with dilute magnetic
impurities in a nonmagnetic host [10–14], (iii) quantum interference effects arising from
electron–electron interactions and weak localization [15–22], (iv) electron–electron inter-
action driven by Coulomb forces in a strongly correlated system [23], (v) spin-polarized
tunneling via grain boundaries in ceramic manganites [24], (vi) the competition of two
mechanisms—one contribution decreasing with temperature combined with another contri-
bution increasing with temperature [10,25], and (vii) two spin channels in SFMO connected
in parallel, where the spin-down channel is metallic (with a non-zero density of states at
the Fermi level), and the spin-up channel (with a gap in the band structure) behaves like a
semiconductor [26].

Several reports have considered an interplay of two mechanisms or a crossover be-
tween them [13,16,27]. However, a satisfactory description has not yet emerged and is still
under discussion.

The Kondo effect mentioned above was discovered by Jun Kondo in 1964 [10]. It
describes the scattering of conduction electrons in a metal due to the resonant interac-
tion between conduction charge carriers and the spin of localized magnetic impurity ions.
Kondo applied third-order perturbation theory to the problem of scattering of s-orbital con-
duction electrons by d-orbital electrons localized at impurities. Kondo’s approach predicted
a logarithmical increase in the scattering rate and the resulting part of the resistivity as the
temperature approaches absolute zero. This results in an anomalous upturn in resistivity at
low temperatures. Thereby, the steepness of the upturn is proportional to the impurity con-
centration. Considering an Fe3+-O-Fe4+ Kondo lattice in SFMO [28], the resistivity upturn,
which occurs in polycrystalline SFMO ceramics in the absence of a magnetic field [29], was
reproduced. However, the authors in [28] took into account only four data points of [29].
Considering all data points of [29], the agreement with the experimental data above 240 K
would become worse. In La2/3Sr1/3MnO3, the Kondo resistivity contributions are expected
to collapse at a magnetic flux density of about 13 T [27]. We excluded the Kondo effect
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as a possible cause since a frustrated spin-glass-like structure is present at the surfaces
of weakly connected ferromagnetic grains in cold-pressed polycrystalline SFMO [30]. In
this case, the spin degrees of freedom are completely frozen and, thus, internal degrees
of freedom are absent. The frustrated spin-glass structure leads to a strong exchange bias
effect, which is seen in the field-cooled magnetoresistance measurements [31]. Here, the
presence of a high field irreversibility starting below 235 K between the field-cooled and
zero-field-cooled curves at a magnetic flux of 1 T is attributed to a possible spin-glass
component at the distorted surfaces of nanoparticles obtained earlier in NiFe2O4 [32] and
La2/3Sr1/3MnO3 [33]. Other signatures for a frustrated spin-glass structure are a wider
hysteresis in magnetoresistance compared to that in magnetization [34,35] and the shift of
the low-temperature peak of the imaginary part of AC susceptibility to higher temperatures
with the increase in frequency [35,36].

Weak localization is a physical effect, which occurs in disordered electronic systems
at very low temperatures. The origin of weak localization is quantum interference of
back-scattered electrons. The effect manifests itself as a correction, ∆σ, to the conductiv-
ity (or correspondingly the resistivity) of a metal or semiconductor arising in the case
that the mean free path l is in the order of the Fermi wavelength λF = 2π/kF of the car-
rier wave functions with kF denoting the Fermi wave vector, i.e., kFl~1. Calculations of
kF were carried out assuming an electron density of ne = 1.1 × 1022 cm−3 [37], yield-
ing kF = (3πne)1/3 = 4.7 × 109 m−1 and λF = 0.913 nm. The experimentally obtained low-
temperature mean free path amounts to l(4 K) = 1.11 nm [38] (p. 72), in good agreement
with a value of l = h̄kF/nee2ρ0 = 0.975 nm where h̄ is the Planck constant expressed in J s
radian−1 and ρ0 the residual resistivity amounting to ρ0 = 1.8 × 10−6 Ωm [39]. A strong
magnetic field suppresses the contribution of weak localization [16]. In La2/3Sr1/3MnO3
thin films consisting of ZrO2 nanoparticles, weak localization vanishes at about 9 T [27]. In
ferromagnetic systems, including also ferrimagnetic SFMO, the nuclei already experience a
magnetic field without applying any external magnetic field. This is the hyperfine field
created by the electrons at the nuclei [40]. It describes the hyperfine interaction between
the magnetic moment of the nucleus and the magnetic moment of the electrons in the solid.
In SFMO, the hyperfine magnetic field amounts to about 30 T [41]. Thus, weak localization
may be excluded from consideration. Recently, we claimed the absence of weak localization
in SFMO since fluctuation-induced tunneling as well as adiabatic small polaron hopping
do not favor quantum interference. We concluded that the resistivity upturn behavior of
SFMO cannot be explained by weak localization [17].

The contribution of electron–electron interactions to the conductivity is similar to that
due to weak localization. In this case, the inelastic diffusion length should be replaced by
the thermal diffusion length LT = (h̄D/kT)1/2 and the coefficients are slightly modified [42].
Therefore, the large hyperfine magnetic field will also erase the electron–electron interaction
correction to resistivity. In La2/3(Sr,Ca)1/3MnO3 epitaxial thin films deposited on a (001)
LaAlO3 substrate where the appearance of a resistivity minimum was attributed to the
electron–electron interaction of the strongly correlated system, the resistivity upturn below
the temperature of minimum resistivity Tmin was largely unaffected by externally applied
fields up to 8 T. This is contrary to data of polycrystalline SFMO ceramics [29].

Spin-polarized intergrain tunneling in manganites was discovered by Hwang et al.
in 1996 [43]. The low-temperature resistivity minimum obtained in ceramic manganites
was found to explain charge carriers’ tunneling between antiferromagnetically coupled
grains [21]. The tunneling resistance between two FM grains was described by the theory of
tunneling conduction through the FM metal/nonmagnetic barrier/FM metal (fbf) junction
using the phenomenological expression [44]

ρ(T, B) =
ρfbf

1 + P2
〈
cos θij

〉 , (1)

where P is the degree of the spin polarization of the current carriers and θij is the angle
between the magnetization directions of the grains i and j:
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cos θij =
B=0

−L(|J|/kT). (2)

Here, L(x) = coth(x) − 1/x is the Langevin function and J the antiferromagnetic
interaction constant. Since the temperature dependence of the in-grain and grain boundary
magnetization is dominated by the spin-wave T3/2 terms at low temperatures, ρfbf was
taken as

ρfbf = ρ0 + ρ1.5T1.5, (3)

where ρ0 and ρ1 are parameters independent of B. The model parameters are then defined
from the requirement that in the case B = 0, Equation (1) fits the experimental data for
ρ(T,B = 0) in the range 4.3–50 K. For La0.5Pb0.5MnO3, the fitting parameters that reflect the
behavior of the experimentally obtained resistivity minimum were P = 0.697, |J|/k = 155 K,
ρ0 = 1.45 × 10−3 Ωm, and ρ1.5 = 1.026 × 10−6 ΩmK−3/2. In the case of SFMO, the param-
eter |J|/k is significantly lower than for manganites amounting to 47.6 K [37]. This
considerably lowers the depth of the resistivity minimum. Also, the resistivity parame-
ters ρ0 = 2 × 10−6 Ωm [39] and ρ1.5 ≈ 3 × 10−6 ΩmK−3/2 (estimated below) are different,
leading to a curve that increases with temperature. A resistivity minimum is obtained
only in the parameter range ρ1 ≈ 1.5–8 × 10−9 ΩmK−3/2, which does not correspond to
experimental data. Therefore, we disregard spin-polarized tunneling as the origin of the
resistivity minimum.

Spin-polarized tunneling between antiferromagnetically coupled grains in ceramic
manganites causes a resistivity upturn, which shifts to lower temperature with an in-
creasing magnetic field and disappears above a critical field value amounting to 1.5 T
for La0.5Pb0.5MnO3 [24]. The application of a magnetic field increases the probability of
electron tunneling through dielectric grain boundaries, thus decreasing the resistivity and
recovering the metallic conductivity of the nanograins. This leads to a decrease in the
upturn temperature as obtained for SFMO in [29]. It decreases from 180 K at 0.2 T to about
40 K at 7 T. Since the low-field magnetoresistance in polycrystalline perovskites is governed
by spin-polarized tunneling across grain boundaries [43], this provides a sufficient low-field
magnetoresistance promising for device application [1].

The decrease in the temperature Tmin of minimum resistivity with an increasing mag-
netic field also corresponds to the predictions of a model consisting of a series connection
of elastic and inelastic scattering mechanisms [21]. The elastic contribution was assumed
to arise from the scattering of holes by magnons without a spin flip whereas the inelastic
contribution was calculated as quantum correction to resistivity, taking the inverse of the
total scattering length as the geometric mean of the inverse phase coherence length and
the inverse magnetic length. We have analyzed the disappearance of the resistivity upturn
in SFMO with increasing magnetic flux density from resistivity data of polycrystalline
SFMO ceramics taken from [29]. Here, an exponential law, Tmin ∝ B−0.4, appeared, which is
unsuitable for defining a critical magnetic field.

An example of the competition of two resistivity contributions with opposite temper-
ature dependencies is on one hand thermally activated hopping and on the other hand
excitation to the mobility edge [45] proposed for La1−xSrxMnO3 [46]. For SFMO, another
model was considered consisting of a semiconductor-like thermally activated resistivity in
one spin channel in parallel to metallic conductivity in the other spin channel [26].

In this work, we propose a modified model describing the appearance of a low-
temperature resistivity upturn in SFMO ceramics by an interplay of two conductivity
mechanisms: (i) fluctuation-induced tunneling and (ii) metallic conductivity. It is based on
the thorough analysis and evaluation of literature data of conductivity behavior of SFMO.

2. Materials and Methods

The resistivity of SFMO thin films produced by pulsed laser deposition below 30 K
increases strictly logarithmically with decreasing temperature [38] (p. 64). Such a behav-
ior may be attributed either to the Kondo effect, weak localization, or electron–electron
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interaction [14]. However, we have ruled out all these mechanisms for strontium ferro-
molybdate above.

Near room temperature, two possible conduction mechanisms of nano-sized granular
SFMO were obtained that cannot be distinguished by experimental data [8]. The first one is
the Mott variable-range hopping describing a carrier transport in a disordered semiconduc-
tor or in an amorphous solid by charge carrier hopping between two spatially separated
states in an extended temperature range [45]. For three-dimensional conductance when the
Coulomb interaction between the carrier is negligible, the resistivity has a characteristic
temperature dependence of

ρ(T) = ρ0 exp
(

T0

T

)1/4
, (4)

with a characteristic temperature T0 in the order of a few 106 K. The value of T0 defines
the hopping activation energy and the mean hopping distance. Alternatively to Mott
variable-range hopping, the conductivity in this temperature region may be modeled by a
lnρ ∝ T−1/2 dependence derived for (i) two-dimensional conductance in the Mott variable-
range hopping model [45]; (ii) Efros–Shklovskii variable-range hopping, which accounts
for the Coulomb gap interaction of electrons in localized states that results in the creation
of the Coulomb gap near the Fermi energy [47]; or (iii) the low-field conductivity of fine
metallic particles dispersed in a dielectric matrix [48]. Note that at higher temperatures, the
Coulomb gap can be disregarded and Mott’s variable-range hopping comes into effect.

Above room temperature, the resistivity of SFMO ceramics annealed in a vacuum
was separated into three regions [49]: (i) from 300 K up to the Curie temperature of about
405 K where the electrical resistivity increases with temperature characteristic for metallic
behavior; (ii) above 405 K up to approximately 590 K where resistivity decreases with
temperature, which is attributed to a B-site disorder-induced weak Anderson localization
of the electrical carriers; and (iii) from 590 K up to 900 K where the resistivity of the material
becomes metallic again. On the other hand, the decrease in resistivity in SFMO above the
resistivity maximum around Curie temperature was attributed to adiabatic small polaron
hopping [17] and not to localization effects as originally suggested [49].

Another report of the electrical resistivity of SFMO [50] indicates metallic conduction
behavior below 420 K, the localization of the carriers in the temperature range 420–820 K,
and reversion to metallic conduction behavior between 820 K and 1120 K.

In the absence of a magnetic field, the temperature dependence of the conductivity
of SFMO ceramics [29] was well described by the fluctuation-induced tunneling (FIT)
model [51], e.g., by the presence of conducting grains separated by nano-sized energy bar-
riers where large thermal voltage fluctuations occur when the capacitance of an intergrain
junction is in the order of 0.1 fF. Nano-sized energy barriers with a barrier width of a few
nanometers and a barrier area of several hundred square micrometers usually occur at grain
surfaces in cold-pressed ceramics or ceramics thermally treated under oxidation conditions.

Below 500 K, monocrystalline, half-metallic SFMO exhibits a resistivity, ρ(T), increasing
with temperature as

ρ(T) = ρ0 + RlTl , (5)

where ρ0 = 1.8 × 10−6 Ωm is the residual metallic resistivity, l = 2 near room temperature
and R2 = 2.16 × 10−11 ΩmK−2 [37,39]. A low-temperature upturn of the resistivity is
missing in single-crystal SFMO due to the absence of intergrain boundaries character-
istic for ceramics. The T2 dependence suggests that resistivity is dominated by either
electron–electron scattering [39,52] or spin-wave scattering [39]. At higher temperatures
up to the Curie temperature TC, other charge scattering mechanisms come into play that
can be considered in Equation (1) by additional terms:

ρ(T) = ρ0 + R2T2 + ∑
l

RlTl . (6)
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A term with l = 2.5 represents the combination of electron–electron, electron–phonon,
and electron–magnon scattering [53], an l = 3 term stands for the scattering with anomalous
single magnons in half-metallic systems [54], an l = 3.5 one stands for the scattering with
spin-waves for low temperatures [55,56], and an l = 4.5 term describes electron–magnon
scattering. The latter was derived in the double-exchange theory at low temperatures [57]
but was experimentally observed at elevated temperatures of 200–350 K [52]. Alterna-
tively, the l = 4.5 term was attributed to spin-wave scattering [58]. An l = 5 term was
attributed to acoustic phonon scattering [59]. Additionally, there is a term related to optical
phonon scattering:

ρ(T) ∝
ωs

sinh2(ℏωs/2kT)
, (7)

where ωs is the average frequency of the softest optical mode, which is consistent with
small polaron coherent motion involving relaxation [60], and k is the Boltzmann constant.

Unfortunately, none of these models fit to the experimental data of SFMO thin films in
the whole temperature range. However, according to [26], the electron–electron scattering
model seems to be appropriate in a broader temperature range. In general, the metallic
resistivity of SFMO can be modeled by the equation

ρ(T) = ρ0 + RmTm, (8)

where m is a fitting parameter that represents an averaged value of the above-mentioned
contributions of charge scattering mechanisms characterized by the parameter l.

The FIT model describes conducting grains separated by energy barriers that are
subjected to large thermal fluctuations, e.g., carbon-polyvinylchloride composites, con-
sisting of aggregates of carbon spheres [51]. The tunneling occurs between large metallic
grains across insulating barriers with width w and area A. It is specified by two parameters,
temperature T1 and a normalized temperature, T0. T1 characterizes the electrostatic energy
of a parabolic potential barrier:

kT1 =
A · w · εoE2

0
2

. (9)

Here, ε0 is the vacuum permittivity. The characteristic electric field strength E0 is
determined by the barrier height V0:

E0 =
4V0

e · w
. (10)

with e the electron charge. The normalized temperature T0 relates T1 to the tunneling constant:

T0 = T1 ·
(πχw

2

)−1
, (11)

with the reciprocal localization length of the wave function

χ =

√
2meV0

ℏ2 , (12)

where me is the electron mass. The resulting electrical conductivity in this model is then
given by [51]:

σ(T) = σ0,FIT exp
(
− T1

T0 + T

)
. (13)

Note that the original derivation of Equation (13) considers conductivity, meaning
the inverse of resistivity. For SFMO, the characteristic field strength E0 of the fluctuation-
induced tunneling model is nearly independent of temperature and amounts to
4.07 × 104 Vm−1 [61], while V0 is in the order of 10 meV and w in the range of 1–3 nm [8,61].
Equation (13) demonstrates that the FIT model links the temperature-independent tunnel-
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ing conductivity [62] with a temperature-dependent conductivity obtained for tunneling of
spin-polarized electrons in granular metal films [63]. The FIT model was recently applied
to intergrain tunneling in polycrystalline SFMO ceramics [64], in half-metallic double-
perovskite Sr2BB’O6 (BB’—FeMo, FeRe, CrMo, CrW, CrRe) ceramics [65], in Ba2FeMoO6
thin films [66], and in nano-sized SFMO ceramics fabricated by the citrate-gel technique [8].
Surprisingly, we obtained recently [17] that the FIT model satisfactorily describes conduc-
tivity behavior of polycrystalline SFMO ceramics in the absence of a magnetic field [29].
In this work, we extend this analysis to other literature data and include the presence of a
magnetic field.

3. Results and Discussion

In [26], SFMO was considered as a system with two spin channels connected in parallel.
The spin-down channel is metallic and the spin-up channel with a gap in the band structure
behaves like a semiconductor. The band gap of the SFMO spin-up band is small enough
so that the temperature can excite electrons to the conduction band. The total resistivity
is formed by the resistivity of the semiconductive spin channel including some residual
resistivity from impurities as well as defects and the resistivity of the metallic spin channel.
The Eg values reported in [26] were less than 10 meV, except for a film with higher saturation
magnetization with Eg = 47.3 meV. The latter was deposited at slightly higher pressure
(11 Pa compared to 9 Pa) and in a more oxidizing atmosphere with a reduced 5%H2/Ar
flow. These Eg values are significantly smaller than the majority of spin-up band gap in
SFMO, amounting to about 0.8 eV [67]. They are in the order of the parameter ∆ describing
the spin-dependent tunneling for Co-Al-O insulating granular film [68] and lie in the
order of the barrier V0 of fluctuation-induced tunneling [8,61]. Therefore, we postulate
that the low-temperature conductivity mechanism with high probability originates from
intergranular tunneling. In contrast, the conductivity at mediate temperature can be
attributed to metallic conductivity.

In the following, we will consider a brick model consisting of cube-shaped grains
with metallic conductivity covered at the surface by grain boundaries creating nano-sized
intergrain tunneling barriers. Here, two types of grain boundaries appear, namely one with
a normal vector parallel to the applied field (perpendicular boundaries) and another one
with a normal vector perpendicular to the applied field (parallel boundaries). The corre-
sponding DC equivalent circuit is an intragrain resistance in parallel with the intergrain
resistance of parallel grain boundaries and a series connection of this parallel circuit with
the intergrain resistance of perpendicular grain boundaries [69]. In our case, the series inter-
grain resistance of perpendicular grain boundaries may be neglected since—with regard to
a very small barrier height in the order of 10 meV—a bias of already a few mV sufficiently
increases the tunneling current and, thus, decreases the barrier resistance. Contrarily, the
resistance of parallel boundaries remains high since the normal vector of the grain bound-
ary is along an equipotential line. Following [69], we obtain a temperature-dependent
conductivity of

σ(T) = [ρ0 + RmTm]−1 +
2w
d

σ0,FIT exp
(
− T1

T0 + T

)
, (14)

where w is the barrier width and d the grain size amounting for nano-sized SFMO ceramics
fabricated by the citrate-gel method; w = 1.24 nm and d = 75 nm [8]. Unfortunately, only
a few publications provide values of both w and d. When matching the FIT model and
metallic conductivities, the inverse of the metallic residual resistivity corresponds to the
FIT model conductivity for temperature and barrier height tending to zero. Thus, we
introduce for the sake of simplicity an effective model resistivity, ρ0 = 1/σ0,FIT, which is
valid for 2w/d ≈ 1. In the following, we are considering a resistivity minimum arising
from the competition of two contributions, one of which is fluctuation-induced tunneling
dominating the resistivity at low temperatures and low magnetic fields and the other one
is metallic conductivity leading to a growing conductivity with increasing temperature. To
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confirm this, we will now analyze available literature data with respect to the parameters
of electrical conductivity. Figure 1 shows resistivity data of polycrystalline SFMO ceramics
fabricated by the solid-state reaction technique [29]. The solid lines are curves fitting these
data to the model of this work, Equation (14). Table 1 compiles the model parameters of
various SFMO materials. Corresponding fits for SFMO thin films deposited by pulse laser
deposition are depicted in Figure 2.
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Table 1. Fit parameters for Equation (14) of various SFMO materials.

SFMO Material B, T T1, K T0, K 1/ρ0, S/m m Rm, ΘmK−m Ref.

Sintered 1

polycrystalline
SFMO ceramics

0 362.2 180.7 0.28 1.24 7.84 × 10−4

[29]

0.2 341.9 102.5 0.34 1.41 5.13 × 10−4

0.5 265.4 67.7 0.36 1.44 6.50 × 10−4

1 323.7 77.6 0.38 1.59 2.43 × 10−4

3 362.3 75.5 0.42 1.75 9.82 × 10−5

7 323.1 62.0 0.44 1.80 9.28 × 10−5

SFMO ceramics 1 0 1541.7 492.6 14.6 3 1.19 × 10−9 [70]

Thin film 2 0 1272.5 509.3 26.0 2.72 9.76 × 10−9
[71]

8 2003.8 831.6 28.2 2.40 5.20 × 10−8

Thin film 2 0 88.0 84.5 42.1 2.9 1.93 × 10−9 [72]
1 Sintered 2 h at 1200 ◦C in 1 % H2/Ar, 2 deposited by pulse laser deposition.

Figure 3 demonstrates that model Equation (14) is also valid for the data of ordered,
nonstoichiometric SFMO ceramics prepared by a solid-state reaction at 900 ◦C and sintered
at 1280 ◦C for 12 h in a stream of 5%H2/Ar [74].
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The ratio T1/T0 defines a value of the product χw of the reciprocal localization length
of the wave function χ and barrier width w. Since the value of the tunnel barrier height
V0 depends on the nature and configuration of chemical bonds in the intergrain area, the
differences in V0 for different SFMO materials should be small. For given values of V0, the
value of χ can be calculated by means of Equation (12). The barrier width w then defines
T1/T0 via Equation (11). In the first case, the magnetic flux dependence on V0 should be
taken into account that follows the relation [75]

V0(B) = V0(0)− βB + γB2 (15)

with β = 1.16 meV/T and γ = 0.04 meV/T2 [76]. This results in a ratio, T1/T0, that decreases
slightly as the magnetic flux increases. This is in qualitative agreement with the ratios T1/T0
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derived from experimental data [71,73] (cf. Table 1). On the other hand, this contradicts the
data derived from [29], where T1/T0 increases with magnetic flux.

For metallic conductivity, the values of Rm and m in Equation (8) are correlated [77].
In our case, this is illustrated in Figure 4, showing an exponential decrease in Rm with m.
Note that Figure 4 yields for m = 1.5 a value of ρ1.5 ≈ 3 × 10−6 ΩmK−3/2 which is required
in Equation (3).

Ceramics 2024, 7, FOR PEER REVIEW  10 
 

 

 
Figure 3. Fit of resistivity data from [74] of nonstoichiometric Sr2FexMo2-xO6 ceramics prepared by 
solid-state reaction and sintered for 12 h at 1280°C in a stream of 5% H2/Ar to Equation (14). 

For metallic conductivity, the values of Rm and m in Equation (8) are correlated [77]. 
In our case, this is illustrated in Figure 4, showing an exponential decrease in Rm with m. 
Note that Figure 4 yields for m = 1.5 a value of ρ1.5 ≈ 3 × 10−6 ΩmK−3/2 which is required in 
Equation (3). 

 
Figure 4. Correlation between pre-factor Rm and exponent m in Equation (8). 1—[29], 2—[71], 3—
[74], 4—[77], 5—[78], 6—[79]. 

Figure 4. Correlation between pre-factor Rm and exponent m in Equation (8). 1—[29], 2—[71], 3—[74],
4—[77], 5—[78], 6—[79].

4. Conclusions

In this work, we propose a novel explanation of the low-temperature resistivity min-
imum in ceramic strontium ferromolybdate ceramics possessing nano-sized intergrain
barriers that is in agreement with given experimental data from various publications. Ac-
cording to our findings, the resistivity upturn is not caused by a semiconductor–metallic
transition, but it can be attributed to intergrain fluctuation-induced tunneling dominating
at low temperatures the conductivity of the considered SFMO ceramics. Based on known
analytical approaches, a modified model, Equation (14), of the total conductivity of granular
ceramics was derived. This model is shown to be valid for cold-pressed SFMO ceramics
as well as SFMO ceramics thermally treated under oxidation conditions, SFMO thin films
deposited by pulsed laser deposition including (100) and (111) textured thin films, and
nonstoichiometric SFMO ceramics. In the region of metallic conductivity at elevated tem-
peratures and higher magnetic fluxes, the pre-factor Rm of the temperature-dependent term
of metallic conductivity written as a power law decreases exponentially with the exponent
m of this power law. Here, the value of m is determined by the charge scattering mechanism.
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