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Abstract: Electric noise spectroscopy is a non-destructive and a very sensitive method for studying
the dynamic behaviors of the charge carriers and the kinetic processes in several condensed matter
systems, with no limitation on operating temperatures. This technique has been extensively used to
investigate several perovskite compounds, manganese oxides (La1−xSrxMnO3, La0.7Ba0.3MnO3, and
Pr0.7Ca0.3MnO3), and a double perovskite (Sr2FeMoO6), whose properties have recently attracted
great attention. In this work are reported the results from a detailed electrical transport and noise
characterizations for each of the above cited materials, and they are interpreted in terms of specific
physical models, evidencing peculiar properties, such as quantum interference effects and charge
density waves.

Keywords: noise spectroscopy; magnetoresistance; thin films; quantum interference effects; charge
density waves

1. Introduction

Recently, perovskite materials have attracted great attention due to their electrical,
transport, and magnetic properties [1–4]. In particular, the so-called magnetoresistance
(MR) effect and the interplay between spin [5], orbital [6], charge, and structural degrees
of freedom [7], have been investigated in polycrystals, single crystals, and thin films. All
these phenomena have been the subject of a great deal of research, in view of possible
applications in spin electronics and magnetism. In this respect, magnetoresistive materials
are already used today in a number of commercially available devices, such as magnetic
sensors [8,9], magnetic recording heads [10], and magnetic memories [11,12]. The mag-
netoresistance effect, when observed in metals, is normally very small and offers scarce
possibilities for technological applications. However, the fast advancement of technology
and new materials research in recent years may make them more feasible. Instead, larger
magnetoresistive effects have been found in ferromagnetic metals and their alloys. The
phenomenon is called anisotropic magnetoresistance (AMR) because the change in resis-
tance, when a field is applied parallel to the current direction, is different from when the
field is perpendicular to the current direction [13,14]. Moreover, typical components in
modern read heads operate thanks to the so-called giant magnetoresistive (GMR) effect,
where the magnetoresistance values are more than one order of magnitude larger than
those seen in AMR materials. GMR compounds are made with thin layers of magnetic
material separated by non-magnetic ones and, depending on their thickness, the magnetic
layers couple either ferromagnetically or antiferromagnetically [15–17]. Finally, the colossal
magnetoresistance (CMR) effect is also observed in pervoskite structure manganites. The
term colossal has been chosen because of the very large change in resistance, essentially
from an insulating to a conducting state, occurring on application of a magnetic field.
Since large fields of the order of a few tesla are required to cause this resistance variation,
CMR materials are still not currently considered for practical application as magnetic
sensors and, in particular, as the reading element in recording heads. However, a number
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of other applications are being explored, including bolometers [18–20], where a change in
temperature causes a change in conductivity driven by a metal-insulator transition, and in
spin-tunneling devices, that exploit their half-metallicity [21,22]. Despite the large amount
of studies about the magnetic and transport properties of these materials, electric noise
characterizations, that can provide new insights on individual perovskite systems, have
not been systematically reported [23–28].

The spontaneous charge random fluctuations in electron devices are usually called
noise, and both terms, fluctuations and noise, are used interchangeably. The physics of
fluctuations is of great conceptual importance and is a part of physical kinetics which stud-
ies the variations of physical quantities, occurring spontaneously or induced by external
fields [29,30]. The investigation of fluctuation phenomena, which may be called “fluctuation
spectroscopy”, is a very informative method for the study of kinetic processes in matter.
It is often also a method that is much more sensitive than the measurement of average
quantities, as demonstrated in superconducting thin films [31–34] and devices [35–38], in
low-dimensional conductors [39–42], in carbon nanotubes [43–47] and magnetic compos-
ites [48,49], and in conventional [50,51] and innovative solar cells [52–55]. The role of the
noise spectrum analyzer is similar to the role of a microscope: It enables us to visualize
the microscopic motion and transitions of particles. For all these reasons, electric noise
measurements can give interesting information on the conduction mechanisms and the
dynamic behaviors of the charge carriers in the many physical systems.

Triggered by these motivations, noise spectroscopy experiments have been performed
on several perovskite compounds (in the form of thin and ultrathin films) and the results
of the analysis are presented in this work. In particular, in Sr2FeMoO6 (SFMO) thin films, a
fluctuation-induced tunneling model satisfactorily explains the measured temperature depen-
dence of the electrical conductance and the current-voltage I-V curves behavior. This model
can be also extended to describe the resistance fluctuations, confirming the dominant role of
intergranular tunneling processes in the conduction phenomena of SFMO polycrystalline
samples [56]. Current-resistance (CR) effects in La1−xSrxMnO3 (LSMO) ultrathin films are
also reported. The resistance vs. temperature R(T) curves show a negative CR effect in the
whole investigated temperature range, while the I-V characteristics evidence a non-Ohmic
regime. The noise measurements are explained in terms of a two-level tunneling systems
(TLTS) model, involving different physical scenarios. Among them, the one developed in the
case of manganite bi-crystal junctions seems to capture many of the obtained experimental
results and applies naturally to the LSMO samples grown on SrTiO3 (STO) substrates in the
presence of miscut induced terraces [57]. Different conduction mechanisms are identified
in La0.7Ba0.3MnO3 (LBMO) thin films deposited on STO and MgO substrates, respectively.
While a standard noise behavior is observed with STO substrates, an anomalous behavior is
found in the MgO case. Such anomalous temperature dependence of the measured noise,
in the ferromagnetic metallic region, for LBMO-MgO samples is interpreted by considering
an enhanced spin ordering with increasing bias currents. This experimental evidence is
explained in terms of a spin torque like model assuming that the metallicity of the system
is improved by the application of increasing current [58]. Finally, it is also possible to use
the electric noise spectroscopy to identify, among different transport mechanisms, the domi-
nating one. This is the case of charge density waves (CDW) conduction in Pr0.7Ca0.3MnO3
(PCMO) epitaxial thin films, and of weak-localization (WL) effects in ultrathin manganite
samples. In both cases, the occurrence of unusual noise contributions has been observed,
together with an overall increase of the noise level [59,60].

2. Perovskite Compounds: General Concepts and Applicative Indications

Perovskite magnetic materials have been studied for almost 50 years. These systems
offer a degree of chemical flexibility which allows the relation between the oxides structure,
and electronic and magnetic properties that can be controlled in various ways, such as:
Doping [61–63], magnetic field [64–66], electric field [67,68], temperature [69–71], pressure,
and photoexcitation [72–75]. Research on these compounds has revealed the relevant phe-
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nomenon of magnetoresistance [76–79], and has led to the formulation of important physical
concepts such as double exchange [1] and the Jahn–Teller polaron [80].

In particular, the double exchange (DE) mechanism was proposed by Zener as a way
for the charge to move by the generation of a spin polarized state [81]. This DE process
has been historically explained in two different ways. Originally Zener, starting from the
insulating antiferromagnetic LaMnO3 system, where electrons are localized on the atomic
orbitals, showed how it should gradually become more ferromagnetic upon hole doping
(introduction of Mn4+). He considered the problem of the exchange between Mn3+ and
Mn4+ ions via an oxygen ion and introduced the concept of simultaneous transfer of an
electron from the Mn3+ to the oxygen and from the oxygen to the neighboring Mn4+. Such
a transfer was called double exchange. In the case of magnetic atoms, the configurations
Mn3+–O2−–Mn4+ and Mn4+–O2−–Mn3+ are degenerate if the spins of the two d shells are
parallel, and the lowest energy of the system at low temperature corresponds to parallel
alignment of the spins of the two adjacent cations. If the manganese spins are not parallel or
if the Mn–O–Mn bond is bent, the electron transfer becomes more difficult and the mobility
decreases. It follows that there is a direct connection between conductivity and ferromag-
netism. The second way to visualize DE processes was presented in detail by Anderson and
Hasegawa [82]. It involves a second-order process in which the two states described above
go from one to the other using an intermediate state Mn3+–O2−–Mn3+. In this context, the
effective hopping probability (HP) for the electron to move from one Mn-site to the next
is proportional to the square of the HP involving the p-oxygen and d-manganese orbitals.
In addition, if the localized spins are considered classical and with an angle θ between
nearest-neighbor ones, the effective HP becomes proportional to cos θ/2 [82]. If = 0 the
HP is the largest, while if θ = π, corresponding to an antiferromagnetic background, then
the HP vanishes. The quantum version of this process has been described by Kubo and
Ohata [83].

The prevailing ideas to explain the magnetotransport behavior of perovskites changed
in the mid-1990s from the simple double exchange scenario to a more elaborated picture,
where a large Jahn–Teller (JT) effect, which occurs in the Mn3+ ions, produces a strong
electron–phonon coupling that persists even at densities where a ferromagnetic ground
state is observed. In fact, in the undoped limit, and even at finite but small doping, it is
well-known that a robust static structural distortion is present in the manganites. In this
context, it is natural to imagine the existence of small lattice polarons in the paramagnetic
phase above the Curie temperature TC, and it was believed that these polarons lead to the
insulating behavior of this regime. Actually, the term polaron is somewhat ambiguous.
In the context of manganites, it is usually associated with a local distortion of the lattice
around the charge, sometimes together with a magnetic cloud or region with ferromagnetic
correlations (magneto polaron or lattice-magneto polaron). A comprehensive description
of theories on the transport and magnetic properties of the mixed-valence oxides is well
reported in [2].

3. Electric Noise Spectroscopy: General Concepts and Measurement Techniques

Noise is a stochastic process described by a random function x(t) of the independent
variable time t. The deviation of x(t) from its mean value 〈x〉 is the fluctuation δx(t) =
x(t)− 〈x〉. How δx(t) evolves in time on average can be analyzed through the correlation
function, which is one of the most important characteristics of any random process and
is a nonrandom property of the kinetics of the random fluctuations. When x(t) is a sum
of many (N >> 1) independent and identically distributed random quantities, it has
the normal (Gaussian) distribution. For this class of random processes, the correlation
function can be written in terms of a two-dimensional probability density representing
the correlation between the values of the random process at two different times, t1 and
t2. This is commonly known as the autocorrelation function Ψx(t1, t2), which, in the
case of stationary systems, depends only on the difference t1 – t2. It is clear, therefore,
that in the time domain the basic properties of random data can be extracted from such
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autocorrelation functions. In the frequency domain, instead, similar information on random
processes can be obtained by the spectral density function Sx( f ), derived, according to
the Wiener–Khintchine theorem, as the Fourier transform of the autocorrelation function:
Sx( f ) = Ψx(ω) [29,84,85].

The main information, given by a power spectral density function computed from
physical data measurements, can be found in its amplitude frequency dependence. This
allows establishing correlations and relationships with the basic characteristics of the
system involved [30]. The common types of low-frequency noise are:

1. Johnson or thermal noise (Figure 1a), generated by the thermally induced motion of
the charge carriers (usually the electrons) inside a conductor at equilibrium;

2. shot noise (Figure 1b) modeled by a Poisson process and originating from the discrete
nature of electric charge;

3. pink or 1/ f noise (Figure 1c), characterized by a frequency spectrum which is in-
versely proportional to the frequency of the signal; and

4. random telegraph noise (Figure 1d), consisting of sudden step-like transitions between
two or more discrete voltage or current levels.

In uniform conductors, the dominant noise component at low frequencies is the flicker
1/ f -type, usually modeled by the Hooge empirical relation. This qualitative rule establishes
a direct proportionality between the noise amplitude and the square of the average voltage
V 2 or current I 2, and is essentially connected to random resistance fluctuations [86].
However, although useful to compare the noise level in different materials of different
sizes, the Hooge formula does not have a general physical base and, especially in complex
systems, cannot be applied, since resistance fluctuations are not the unique sources of the
noise mechanisms in action.
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1/ f noise (c), and random telegraph noise (d). The voltage and time units are arbitrary.

As far as noise spectral measurement, one of the most important parameters to be
controlled is the system temperature. For the experimental investigations reported in the
following, the temperature has been varied with a closed-cycle cold finger refrigerator, oper-
ating in a range between 300 and 8 K, and stabilized with a proportional–integral-derivative
(PID) algorithm. The output ac voltage has been amplified by a low-noise preamplifier,
Signal Recovery model 5113, and the spectral analysis has been realized by a dynamic signal
analyzer, Hewlett-Packard model HP35670A. Moreover, standard four-probe measurements
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have been used to investigate the transport and noise properties of the analyzed samples.
Using four probes eliminates measurement errors due to the probe resistance, the spreading
resistance under each probe, and the contact resistance between each metal probe and the
specimen material. However, in noise studies, the four-probe technique alone does not
eliminate completely external spurious and unwanted contributions. In this case, indeed,
the method has several limitations due to the fact that each component of the bias and
measurement circuit generates its own noise, producing additional current fluctuations in the
sample. In principle, the use of an ideal current source in the four-probe configuration can
reduce the effect of current contact resistance fluctuations [87]. Unfortunately, the electronic
solutions based on feedback circuit often act as ideal sources only at dc. Therefore, in most
cases, a second option is considered, that is, the use of a battery in series with a low-noise
resistor of a value much higher than the sample resistance. This method fails when the
sample resistance is large. Starting from these considerations, it is clear that the development
of an experimental procedure, useful to separate and to subtract noise components due to
contact resistance fluctuations and to all active instrumentation of the experimental setup
(“background noise”), is a fundamental requirement to perform high-quality voltage-spectral
density measurements. This can be realized by resorting to a specific analytical correction
based on a sequence of two—and four—probe measurements, followed by a mathematical
manipulation of the data [88,89].

4. Fundamental Physical Phenomena and Fluctuation Mechanisms in
Perovskite Thin Films

In this section, dc transport measurements and voltage-noise analysis, performed on
several perovskite thin film systems, are reported. The results obtained with the experi-
mental investigations and interpreted in terms of different theoretical models are described,
respectively, for:

1. SFMO polycrystalline samples fabricated by pulsed laser deposition (PLD) technique
(Section 4.1);

2. LSMO ultrathin films deposited by molecular beam epitaxy (MBE) technique (Section 4.2);
3. LBMO thin films grown by using PLD on STO and MgO substrates (Section 4.3);
4. PCMO epitaxial samples realized under tensile strain in a PLD chamber (Section 4.4);

and
5. manganese oxides of the general composition R1–xAxMnO3 (where R is a rare earth

and A is a divalent alkaline earth), prepared with different fabrication methods, which
evidence the occurrence of quantum interference effects (QIEs) and WL phenomena
(Section 4.5).

4.1. Intergranular Tunneling Processes in Sr2FeMoO6 Polycristalline Thin Films

The ordered double perovskite SFMO is characterized by a pronounced negative mag-
netoresistance at low magnetic fields and high temperatures, induced by a spin polarization
of the charge carriers [90]. It has a half-metallic ferromagnetic ground state, which is strictly
related to the crystal structure. Surprisingly, in spite of this apparent simplicity, there are
many open issues of fundamental importance concerning the electronic and magnetic struc-
tures of this compound. In particular, it has been widely demonstrated that both electrical
and magnetic behaviors of SFMO thin films are strongly affected by structural defects
emerging from the fabrication process [91,92]. Therefore, the study of polycrystalline thin
films can be useful to extract indications on the presence of defects, such as grain boundaries,
twinning, and clustering of spurious phases, that influence the resistivity thermal coefficient
of the metallic and semiconducting phase [93,94].

The SFMO investigated here were grown on STO substrates by PLD using a Nd:yttrium-
aluminum-garnet (YAG) laser operating at 532 nm, with a pulse energy of 200 mJ and a
pulse duration of 10 ns [95]. The substrate was placed at a distance of 5 cm from the target
and heated at a temperature of 900 ◦C. The oxygen pressure in the PLD chamber was of
10−5 mbar. The regular crystallographic structure of the deposited films, having a thickness
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in the range 200–400 nm, was confirmed by x-ray analysis: θ−2θ X-ray diffraction patterns
and rocking curve analysis (typical values of the curve width was about 0.2◦, as shown in
Figure 2a). Moreover, a polycrystalline growth was confirmed by atomic force microscope
(AFM) investigations, indicating the presence of some superficial nonordered clusters (see
Figure 2b for details). The polycrystalline nature of the samples strongly influences the
magnetic behavior, characterized by a ferromagnetic–paramagnetic transition with a Curie
temperature TC ≈ 330 K (see the M-T curves in Figure 2c).
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Figure 2. Rocking curves of the [008] diffraction peak (a), AFM (atomic force microscope) force and topographic images (b),
and magnetization vs temperature (M–T) curve (c), of a typical investigated Sr2FeMoO6 (SFMO) thin film.

Semiconducting-like R(T) curves have been measured in polycrystalline samples
(Figure 3a), obtaining results very similar to those already reported in literature for granular
SFMO compounds (Figure 3b) [96]. In this respect, the fluctuation-induced tunneling (FIT)
model has also been used to explain the electrical transport properties [56,97]. According
to this model, the electrons, delocalized in large conducting segments (grains), tend to
tunnel between these grains at the points of their closest approach, view as insulating
gaps [98]. The large thermally activated voltage fluctuations across the junction influence
the tunneling probability, resulting in non-Ohmic conductivity with a voltage dependence
of the current given by:

I(V) = I0 exp

[
−a(T)

(
1− V

V0

)2
]

, V < V0 (1)

where I0 is a preexponential factor, and V0 is a characteristic voltage. The parameter a(T)
is temperature-dependent and can be expressed as:

a(T) =
T1

T + T0
(2)
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with T0 and T1 being two specific temperatures related to the system under test [98].
Equation (1) has been used to fit the set of I-V curves, obtained at different temperatures,
taking I0, V0, and a(T) as free fitting coefficients. As a result, a good agreement over the
full voltage range (except at very low V values) is observed, especially below 55 K, with
I0 = (0.101± 0.006) A and V0 = (7.7± 0.5) V, and is shown in Figure 3c. In addition, a(T)
has a temperature dependence which is well reproduced by Equation (2) below 55 K, with
T0 = (169± 10) K and T1 = (314± 20) K (see Figure 3d for details). In the temperature
region up to 55 K it is, therefore, quite evident that intergranular tunneling processes
dominate the electrical transport properties of SFMO granular films.
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More difficult to understand, instead, is the high-temperature behavior where, as
already observed in the case of carbon nanotube composites [44,45], fluctuation induced
tunneling and thermal activation have to be considered as two parallel conduction mech-
anisms [98]. In this situation, dc electrical transport measurements alone are not able to
clearly distinguish between FIT and thermal activation. Here voltage-noise investigations
can be very useful for a better comprehension of the carriers dynamics. By analyzing
the frequency dependence of the spectral density SV of voltage fluctuations in SFMO
polycrystalline thin films, two distinct noise components are visible. A first component of
1/ f -type SV1/ f is found at low frequencies, while a constant amplitude spectrum SVwhite
(“white noise”) appears at higher frequencies, see Figure 4a. The quadratic bias current
dependence of 1/ f noise, shown as black squares in Figure 4b, is commonly expected for
resistance fluctuations [29]. Conversely, the unexpected parabolic dependence of the “white
noise” contribution, blue circles in Figure 4b, cannot be explained in terms of standard
models. From the FIT conductivity, it is possible to define the frequency-independent con-
ductance fluctuations, whose spectral density is proportional to I 2 and has a temperature
dependence expressed as:
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SVwhite(T) = K0T exp
[

2T1

T + T0

]
(3)

where K0 is a preexponential factor. T0 and T1 are the same parameters of Equation (2) [56].Coatings 2021, 11, x FOR PEER REVIEW 8 of 26 
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Figure 4. Voltage spectral density of SFMO polycrystalline samples (a): Two distinct noise components can be identified,
SV1/ f (“1/ f noise”, inversely proportional to the frequency) and SVwhite (“white noise”, frequency independent). In (b,c) are
shown, respectively: SV1/ f and SVwhite, extracted from the data in (a), vs. the bias current and SVwhite vs. the temperature.

Figure 4c shows the experimental temperature dependence of the “white noise” SVwhite
for another set of SFMO samples, with a different configuration of the contact pads and
measured at a dc current of 0.5 mA. The solid line is the best fit using Equation (3) with
values of K0 = (1.224± 0.003) V2·K·Hz−1, T0 = (90± 5) K, and T1 = (350± 22) K, similar
to those derived from Equation (2) in the context of dc transport. The agreement of the
fitting expression with the experimental data in Figure 4c gives a strong indication on
the validity of the FIT model in describing the transport and noise properties of SFMO
polycrystalline thin films.

4.2. Current-Resistance Effects in La1−xSrxMnO3 Ultrathin Films

The influence of the electric field or the electric current on conductance (electric-
resistance effect or current-resistance effect, respectively) has been widely observed on
several CMR materials, and also in absence of an external magnetic field. In particular, a
remarkable decrease of the peak resistance value due to the applied electric field has been
found in La0.7Ca0.3MnO3/PbZr0.2Ti0.8O3 heterostructure at the metal-insulator transition
temperature [99]. A similar decrease in the peak resistance, caused by an increased dc cur-
rent, has been observed in La0.7Ca0.3MnO3 and La0.85Ba0.15MnO3 epitaxial thin films [100].
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Moreover, current-dependent and hysteretic resistance behaviors have also been detected in
quasi-one-dimensional nanopatterned phase-separated La0.67Sr0.33MnO3−δ thin films [101]
and submicrometric constricted regions of La0.67Ba0.33MnO3−δ samples [102]. In order
to explain these bias current effects, different hypotheses have been formulated, going
from the strong interaction between carrier and Mn localized spins [100], to a percolative
mechanism due to intrinsic phase separation [103,104], or to a local magnetic moment
orientation by spin torque [102,105]. However, the characterizations of dc transport and
magnetic properties alone were not able to clarify the nature of these peculiar aspects.
Therefore, triggered by this situation and with the aim of obtaining useful information
using the sensitive noise spectroscopy technique, an accurate experimental investigation of
the charge carriers fluctuation mechanisms has been performed in LSMO ultrathin films,
which are characterized by a strongly nonlinear resistance behavior.

LSMO ultrathin films, with a thickness t ranging from 3.5 to 40 nm, were grown
with MBE deposition on STO substrates, with the subsequent parameters: Deposition rate
~0.1 Å/s, substrate temperature ~850 ◦C, and oxygen pressure (a mixture of O2 + 5% ozone)
of ≈ 8.5 × 10−5 Torr [57]. Reflected high-energy electron diffraction (RHEED) analysis,
performed during the film deposition process, indicated an epitaxial growth. Ex situ X-ray
diffraction (XRD) analysis confirmed the high crystallographic quality of all the films with
very narrow rocking curves [106,107]. In order to estimate the surface roughness, an atomic
force microscopy study was also carried out. A typical value of 0.5 nm for root-mean-
square (RMS) roughness was observed on a scanning area of 1 µm2, in agreement with XRD
low-angle-reflectivity measurements.

Since the investigated samples span over a wide range of thicknesses, a detailed
analysis of the resistivity ρ temperature dependence has been made, and the results are
shown in Figure 5a, indicating the existence of a high metal-insulator transition temperature
TMI for t ≤ 40 nm. For the thinnest films (t ≤ 10 nm), an in-plane anisotropy is evident in
the R(T) curves. In fact, one configuration (top inset and red curve in Figure 5b) shows a
standard behavior in the whole temperature range. Conversely, in the other configuration
(right inset and black curve in Figure 5b), a low-temperature resistance peak occurs at
T ≈ 135 K. Similar electric transport properties were found in the case of a meander line
passing through 18 biepitaxial junctions in manganite thin films, where the presence of
zones with reduced Curie temperatures (that is, paramagnetic/ferromagnetic junctions)
was considered [108]. The low-temperature R(T) peak is explained as being induced by
the ferromagnetic transition of these zones with reduced Curie temperatures [109,110].
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for different thicknesses (a) and, for the 10-nm sample, in two contact pads configurations (see text for details) (b).

The unusual behavior observed for the resistivity is equally reflected in the I–V
measurements, which are characterized by typical aspects of nonlinearity, more evident by
increasing the bias current. This is clearly shown in Figure 6a for temperatures from 10 to
250 K, where the presence of a temperature-dependent threshold current, from an Ohmic
to a non-Ohmic regime, is also visible. A theoretical picture, capable of capturing many
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of the experimental results, is the one which takes into account the presence of terraces
on the surface of LSMO grown on STO substrates. This type of growth structure gives
origin to the formation of step-edge regions, with high resistivity, between sample and
substrate [111]. The in-plane anisotropy is produced by the flow of the bias current through
such high-resistive zones, that are also zones of reduced Curie temperature [107]. The
influence of polarized carriers on the magnetization values and on the height of the barriers
of these regions adjacent to the terrace edges determines the characteristic non-Ohmic
(or current-resistance) effect reported in Figure 6a [57].
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Figure 6. (a) The dc resistance, obtained from I–V measurements as the ratio V/I, is shown for the 6-nm-thick LSMO film
at three different temperatures. (b) For the same sample, the voltage-spectral density is also reported at 10 K and at two bias
current values (1 and 4 µA as red and black lines, respectively), together with the 1/ f (green curves) and Lorentzian (blue
curves) noise components.

A strong experimental support of the proposed interpretation is obtained with voltage-
noise analysis. In particular, it is expected that changes in the configurations of impurities,
eventually present in the barrier zones at the terrace edges, correspond to two different state
levels, occupied by groups of atoms, whose energy can be represented in the form of two
potential wells separated by a barrier. In general, the wells are asymmetric and the energies
of their minima differ by some value. The atoms can tunnel from one well to the other,
with a transition rate determined by interaction with phonons (in insulating solids) or with
electrons (in conducting solids). This model is known as the two-level tunneling systems
(TLTS), whose noise spectral density is characterized by the occurrence of a Lorentzian-type
spectrum with a 1/ f 2 frequency dependence [29]. More in detail, if τ is the minimum
relaxation time of such processes, for frequencies f � 1/(2πτ) the main contribution to the
spectral density is given by the 1/ f component (SV1/ f , green solid lines in Figure 6b), while
for frequencies f ≥ 1/(2πτ) the spectral density acquires the form:

SVLor( f ) =
∆τ

1 + (2π f τ)2 , (4)

where ∆ is the amplitude of Lorentzian noise (blue solid lines in Figure 6b). This corre-
sponds to what was found in the investigated LSMO ultrathin films and shown in Figure 6b,
in agreement with the prediction of the theoretical framework. Moreover, while in the
Ohmic regime, the parabolic current dependence of the voltage-noise amplitude is ex-
plained in terms of standard resistance fluctuations inducing 1/ f noise, in the non-Ohmic
region, the observed scaling of the noise level with the bias current, significantly higher
than the expected one, can be due to a current redistribution in a percolative system [57].
In this respect, additional studies on samples patterned with a controlled geometry would
be necessary.
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4.3. Spin Torque Effect in Differently Deposited La0.7Ba0.3MnO3 Thin Films

The colossal magnetoresistance phenomenon in half-metal oxide manganite com-
pounds has been intensively studied over the past years and, as stated before, is explained
within the framework of DE model. This DE mechanism qualitatively describes the metallic
behavior of manganites in the ferromagnetic state, where Mn ions have aligned spins, and
in the insulating regime above the Curie temperature, where Mn ions are characterized
by randomly aligned spins, and their large magnetoresistance, due to field induced spin
alignment. Even based on such an elementary DE picture, it is clear that the Mn–O–Mn
structural arrangement plays a key role in determining magnetic and transport properties
in manganite systems [112,113]. As stated in [114], in epitaxial thin films, this Mn–O–Mn
arrangement can be also influenced by possible strain mechanisms due to lattice mismatch
between film and substrate. As a matter of fact, it is widely reported that strained thin films
usually show properties different from those of bulk compounds. In most cases, strain
effects depress the ferromagnetic properties [115], but some results have also been reported
showing ferromagnetism enhanced by tensile strain [116]. However, strain-less manganite
films do not always reproduce bulk-like behavior.

In order to get more information on these structural configurations and on their influ-
ence on electric and magnetotransport properties, a representative system to investigate is
LBMO. In particular, a number of samples were deposited on (100) STO and (100) MgO
substrates in a PLD chamber provided of a KrF excimer pulsed laser source (λ = 248 nm).
The films were fabricated starting from a LBMO stoichiometric target and using a typical
energy density per laser shot of about 3 J/cm2, with a repetition rate of 3 Hz. The depo-
sition was performed under a O2 + 5% O3 mixture pressure of 10−2 mbar and with the
substrate temperature at 670 ◦C. Post-annealing processes in air were subsequently carried
out by varying the temperature and the duration time [114]. These growth procedures
resulted in a good in-plane matching between LBMO film and STO substrate, as indicated
by standard XRD analysis, while substrate induced tensile strain seems to take place at the
film/substrate interface in the MgO system. From rocking curve measurements, moreover,
this significant difference between the two cases is also very evident. Indeed, as shown in
Figure 7a, the full width at half maximum (FWHM) of rocking curve spectrum for MgO
substrates is about four time larger than the FWHM for the film grown on STO. Similar
values of the FWHM are found for LBMO samples on MgO at several (00l) reflections,
independently from the l-index. This is expected when the largest contribution to the
rocking curve broadening comes from mosaic spread of crystalline domains. All other
sources of disorder in the investigated LBMO films on MgO substrates, such as domains
size, granularity, and morphology, seem to be masked by this very large mosaicity [105].
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Figure 7. (a) Rocking curve measurements at (004) reflection for La0.7Ba0.3MnO3 (LBMO) films grown on SrTiO3 (STO)
(narrow peak) and MgO (wide peak) substrates. (b) Resistivity ratio ρ/ρMI as a function of temperature for the same
samples. The highest resistivity value ρMI is referred to the metal-insulator transition temperature TMI of 345 K and of
185 K for STO (blue stars) and MgO (red circles) substrates, respectively.
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Differences in the behaviors of the two systems (STO and MgO substrates) are also ev-
idenced in the temperature dependence of the resistivity ratio ρ/ρMI , shown in Figure 7b.
Two metal-insulator transition temperatures are observed and are characterized by corre-
sponding resistivity values ρMI , different by about one order of magnitude. The experi-
mental data in Figure 7b can be generally interpreted in terms of a model which predicts
a competition between a ferromagnetic metallic (FM) and a paramagnetic insulating (PI)
phase [105,114]. Within such a theoretical framework, for temperatures T > TMI the trans-
port properties are typically described in terms of polaronic conduction [117–119], instead
at T < TMI , in the FM region, the electrical conduction is related to different scattering
processes, and the resistivity can be fitted with a generic Tα-power law [106]. In the case
of LBMO samples deposited on MgO substrate, however, the transition between the two
regimes cannot be simply described using a superimposition of the FM and PI resistivi-
ties [105]. In fact, the FM phase also presents a resistivity that is not trivially correlated to a
single scattering mechanism, while several processes, along with extrinsic-like percolative
effects, are probably simultaneously at work. Therefore, more complicated conduction
properties have to be considered for LBMO thin films grown on MgO substrates. This is
furtherly confirmed by a low-temperature resistivity upturn for MgO substrate (red circles
in Figure 7b), which gives an indication on the occurrence of localization phenomena and
non-trivial mechanisms below TMI .

The identification of these peculiar charge carrier processes can be obtained by an
analysis of the electric noise in function of external parameters, such as temperature and
bias current. Figure 8a shows the measured voltage-spectral traces at a constant bias level
of 0.4 mA in the case of STO substrate at two temperatures of 300 (red curve) and 8 K (blue
curve), respectively. Two noise components can be identified, the first SV1/ f of 1/ f -type and
the second SVShot frequency-independent. While SV1/ f , estimated at the frequency of 90 Hz,
scales with the squared bias current (red squares in Figure 8b) and, therefore, is originated
by resistance fluctuation mechanisms, SVShot is a linear function of the current (blue circles
in Figure 8b) and can be associated with current fluctuation processes (shot noise).

Coatings 2021, 11, x FOR PEER REVIEW 12 of 26 
 

 

instead at 푇 < 푇 , in the FM region, the electrical conduction is related to different scat-
tering processes, and the resistivity can be fitted with a generic 푇 -power law [106]. In the 
case of LBMO samples deposited on MgO substrate, however, the transition between the 
two regimes cannot be simply described using a superimposition of the FM and PI resis-
tivities [105]. In fact, the FM phase also presents a resistivity that is not trivially correlated 
to a single scattering mechanism, while several processes, along with extrinsic-like perco-
lative effects, are probably simultaneously at work. Therefore, more complicated conduc-
tion properties have to be considered for LBMO thin films grown on MgO substrates. This 
is furtherly confirmed by a low-temperature resistivity upturn for MgO substrate (red 
circles in Figure 7b), which gives an indication on the occurrence of localization phenom-
ena and non-trivial mechanisms below 푇 . 

The identification of these peculiar charge carrier processes can be obtained by an 
analysis of the electric noise in function of external parameters, such as temperature and 
bias current. Figure 8a shows the measured voltage-spectral traces at a constant bias level 
of 0.4 mA in the case of STO substrate at two temperatures of 300 (red curve) and 8 K (blue 
curve), respectively. Two noise components can be identified, the first 푆 /  of 1/푓-type 
and the second 푆  frequency-independent. While 푆 / , estimated at the frequency of 
90 Hz, scales with the squared bias current (red squares in Figure 8b) and, therefore, is 
originated by resistance fluctuation mechanisms, 푆  is a linear function of the current 
(blue circles in Figure 8b) and can be associated with current fluctuation processes (shot 
noise). 

 
Figure 8. The voltage-noise spectra and the bias current dependence of the identified noise compo-
nents are shown for LBMO films grown on STO substrates (a,b), respectively, and for LBMO films 
grown on MgO substrates (c,d), respectively. 

Whether the change in the LBMO film fabrication has a direct influence on the noise 
behavior can be verified by performing a voltage-spectral density analysis in the case of 
MgO substrate. Here, only a 1/푓 contribution is evident, as shown in Figure 8c in the 
whole investigated temperature range, thus representing a first difference from the STO 
case, although a quadratic bias current scaling is still preserved (Figure 8d, for details). 
This latter property could be interpreted, in principle, as due to resistance fluctuations, 

0.1 0.4 1
10-13

10-12

10-11

10-10

T = 300 K
 SV1/f - 1/f noise @ 90 Hz

(d)

slope = 2

 

 

S V (V
2 / H

z)

I (mA)100 101 102 103 104 105

10-16

10-14

10-12

10-10

 T = 300 K  -  I = 0.4 mA
 T = 8 K      -  I = 0.4 mA

(c)

 

 

Frequency (Hz)

S V (
V2 / H

z)

STO substrateSTO substrate

0.1 0.4 1
10-16

10-15

10-14

10-13

10-12

T = 300 K
 SV1/f - 1/f noise @ 90 Hz
 SVShot - Shot noise

(b)

slope = 2

 

 

S V (V
2 / H

z)

I (mA)

slope = 1

100 101 102 103 104 105

10-16

10-14

10-12

10-10

 T = 300 K  -  I = 0.4 mA
 T = 8 K      -  I = 0.4 mA

(a)

 

 

Frequency (Hz)

S V (
V2 / H

z)

MgO substrate

Figure 8. The voltage-noise spectra and the bias current dependence of the identified noise components are shown for
LBMO films grown on STO substrates (a,b), respectively, and for LBMO films grown on MgO substrates (c,d), respectively.
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Whether the change in the LBMO film fabrication has a direct influence on the noise
behavior can be verified by performing a voltage-spectral density analysis in the case of
MgO substrate. Here, only a 1/ f contribution is evident, as shown in Figure 8c in the
whole investigated temperature range, thus representing a first difference from the STO
case, although a quadratic bias current scaling is still preserved (Figure 8d, for details). This
latter property could be interpreted, in principle, as due to resistance fluctuations, but a
detailed study of the normalized spectral density SN = SV/V2, where V is the voltage drop
across the sample, provides different indications. Indeed, as widely reported in the scientific
literature for Ohmic compounds, SN has to be current-independent in case of standard
resistance fluctuation mechanisms [29,120,121], as indeed occurs for STO substrates both at
room temperature (red squares) and at 8 K (blue circles), as shown in Figure 9a. Conversely,
for LBMO films deposited on MgO substrates, SN is characterized by two distinct behaviors:
An independence on the bias current above the metal-insulator transition T > TMI (red
squares and yellow diamonds in Figure 9b) and a reduction of noise with increasing bias at
T < TMI (green pentagons and blue circles in Figure 9b). In this low-temperature region,
the explanation of the fluctuation processes cannot be based on the nature of the scattering
centers due to the presence of mobile defects, as commonly found in metals and half-metals
in a large number of experiments [29]. An improvement of the LBMO metallicity with the
application of a larger and larger current needs to be considered. This enhanced ordering,
appearing below the metal-insulator transition, seems to be strictly related to the magnetic
behavior induced by the LBMO growth on MgO substrates.
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Figure 9. The current dependence of the normalized voltage-spectral density, estimated at the reference frequency of 90 Hz,
is shown for LBMO films grown on STO (a) and MgO (b) substrates, respectively. The experimental data refer to different
temperatures, going from 300 down to 8 K.

In order to give a qualitative explanation of the experimental findings, it is important
to consider, as widely reported in the scientific literature, the role played by the lattice mis-
match between film and substrate in the magnetic and conduction mechanisms at work in
manganite systems [112,113,115,116]. In particular, for LBMO on STO, the perfect in-plane
matching between film and substrate characterizes the good metallicity of the samples [114].
Moreover, the absence of any type of strain effects reflects on the absence of unusual fluctu-
ation processes and, consequently, usual resistance and current fluctuations are observed.
Compared to this standard behavior, instead, anomalous conducting properties are clearly
evident in the MgO case, where a large in-plane epitaxial mismatch at the film/substrate
interface is identified [105]. Here, the presence of point defects and dislocations may lead
to a system formed by bulklike domains separated by punctual defects and/or structural
dislocations. In proximity of these, the manganite film experiences very complex strain
mechanisms, giving rise to few nm-wide regions characterized by depleted conducting
and magnetic properties (for example, depressed Curie temperatures) which can possibly
result in super-paramagnetic (SP) behaviors. These smaller regions described in terms of
SP clusters are characterized by a specific response to an external magnetic field [122], and
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could be partially aligned by a spin-polarized current which exerts a torque on the local
magnetic domains. This is known as the spin torque effect [102,123], which is more evident
below the metal-insulator transition producing an improvement of the system metallicity
with the bias current. On the contrary, above the metal-insulator transition, this spin torque
effect is less important and a conduction standard behavior prevails [58].

4.4. Charge Density Waves Conduction in Pr0.7Ca0.3MnO3 Epitaxial Thin Films

The earlier scientific literature ascribed many peculiar effects of mixed-valence per-
ovskitic manganites to the destruction of a charge-ordering (CO) state, that is a strong
charge localization on a single ion site [124–126]. The process of inducing conduction into a
CO state can be realized with the application of external perturbations, such as electric or
magnetic fields (see the scheme in Figure 10a). This classical interpretation of the melting
of the CO phase has been recently challenged by several authors, resorting to a picture
based on the existence of a CDW state where the charge modulation is weakly coupled
with lattice [127–130]. In this framework, a collective transport of charge density waves can
be induced by the application of an external electric field, giving rise to the well-known
mechanism of sliding CDW (see the scheme in Figure 10b). The debate is still on nowadays,
as evidenced in two recent papers [131,132] where the observation of negative differential
resistance, specifically abrupt resistance increases at critical voltages in the I–V characteris-
tics, supports the electric phase separation scenario. Therefore, a systematic study of the
electric noise properties could be very indicative in favor of one interpretation with respect
to the other.
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Figure 10. (a) Schematic representation of the melting of charge-ordering state. (b) Schematic representation of the sliding
charge density waves mechanism.

In order to have adequate samples for the planned experimental investigations, PCMO
ultrathin films (10-nm-thick) were fabricated by PLD technique on (100) STO substrates.
The deposition parameters, reported elsewhere [133], were optimized to obtain an epitaxial
growth and a high crystal quality of PCMO. Moreover, flat surfaces (two-dimensional
growth) and a tetragonal unit cell were also evidenced by performing detailed structural
analyses, such as reflection high-energy electron diffraction (RHEED) and reciprocal space
map (RSM). On this type of high-quality samples by choosing a critical Ca doping value of
x = 0.3, it is very common to observe in the phase diagram a borderline behavior with a
transition to a glassy ferromagnetism below 120 K and a charge modulation transition at
about 230 K [134,135]. While no evidence of such a peculiar behavior appears in the R(T)
curves (see Figure 11a), a clear variation is found, instead, in the noise level (see the green
and blue normalized voltage-spectral traces in Figure 11b). This confirms the sensitivity of
the electronic noise to charge modulated states in narrow-band manganites [128,136].
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Figure 11. (a) Temperature dependence of the resistance measured at a constant bias current level of 10 µA for a typical
investigated Pr0.7Ca0.3MnO3 (PCMO) ultrathin film. (b) Frequency dependence of the normalized voltage-spectral density
taken at three different temperatures: 300 K (red trace), 230 K (green trace), and 160 K (blue trace). The peaks visible on the
traces are due to external sources and have not been considered.

In particular, the normalized voltage-noise SN reveals a unique 1/ f component be-
tween 160 and 300 K, as shown in Figure 11b, whose amplitude is characterized by a
step-like increase of more than one order of magnitude at 230 K (see the three-dimensional
plot in Figure 12). Below 230 K, the same Figure 12 shows the existence of a threshold
electric field (Ec ~ 1000 V/m) above which a high noise intensity is observed.
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Figure 12. Normalized voltage-spectral density, estimated at the reference frequency of 20 Hz, shown
as a three-dimensional plot, as a function of temperature and electric field, for the same PCMO
sample of Figure 11.

The observed step-like noise increase and its dependence on the electric field are not
easy to reconcile with a strong coupling, charge localized melting scenario. The continuity
of R at the CO transition temperature and the presence of broadband 1/ f noise, arising
below CO transition, can be understood, instead, in a CDW state in the framework of a two-
fluid model. The sliding of the CDWs, moreover, is responsible for the noise enhancement
above Ec [59]. The validity of the proposed interpretation is obtained by comparing the
experimental noise level NL data with the quantitative predictions verified on conventional
CDW systems. According to [137], the nonlinear conductance, which is a typical signature
of CDW states, is strictly related with NL by considering the pinning force fluctuations
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as the source of noise in the chordal resistance R = V/I. The expression extracted from
theoretical calculations, and adapted from [137], can be written as:

NL =
∫ 100 kHz

1 Hz
SN( f )d f ∝ E 2

c λ
3(T)

l
A

(
δR
δV

)2
I2 (5)

where 1 Hz–100 kHz is the frequency bandwidth of measurement, the fitting parameter
λ is the pinning coherence length, l and A are the sample length and area, respectively,
and I2(δR/δV)2 establishes the quantitative relation between the nonlinear conductance
and the noise level. Equation (5) can be used to identify the occurrence of a CDW state,
starting from electric noise measurements. Indeed, as shown in Figure 13a at 300 K and in
Figure 13b at 260 K, NL is independent on I2 and, therefore, Equation (5) cannot be applied.
This gives the direct indication about the absence of a CDW state, as expected above the CO
transition [127,128]. Conversely, the good agreement between the model reproduced with
Equation (5) and the noise data at 200 K (see Figure 13c) and at 160 K (see Figure 13d) is a
clear signature of the presence of a CDW state below the CO transition temperature (230 K).
More in detail, the best fitting procedure through Equation (5) allows us to determine the
coherence volume λ3, that is the typical volume over which the CDW phase is deformed in
going from one metastable state to another [137]. A value of 64× 10−21 m3 is evaluated
at 160 K, close to the Lee-Rice coherence volume (λ 3

LR ≈ 30× 10−21 m3) characteristic
of CDW systems [138]. Moreover, a strong decrease in λ3 = 1× 10−21 m3 is observed at
200 K, still consistently with the Lee-Rice result that λ 3

LR → 0 when the CO transition is
approached [138].
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Figure 13. Noise level, measured in a typical investigated PCMO ultrathin film, plotted as a function of the squared
bias current at temperatures above, 300 K (a) and 260 K (b), and below, 200 K (c) and 160 K (d), the charge-ordering
transition. The disagreement/agreement between experimental data points and the theoretical model of Equation (5) gives
an indication on the absence/presence of a charge density wave state.
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Overall, the theoretical interpretation of CDWs establishment in manganites is sup-
ported by the investigation of the electric noise processes. The results obtained with the
analysis of the experimental data suggest that the CDW mechanism should be introduced as
one of the bricks necessary to build up the comprehension of strongly correlated transition-
metal oxides. In this context, a direct consequence of introducing the CDW dynamics
to describe the electric transport of perovskite compounds is that the understanding of
correlated oxide properties should be pursued in the broader context of complexity [139].

4.5. Weak-Localization and Quantum Interference Effects in Manganites

QIEs often influence low-temperature electrical conduction in a disordered metal [140].
Among the most fascinating and intriguing features related to these effects there are,
undoubtedly, WL and universal conductance fluctuations (UCFs), whose direct connection,
up to now, has been proposed, but never demonstrated. Previous works have shown that
electron-doped Nd1.83Ce0.17CuO4+δ (NCCO) thin films can have an upturn of resistivity
at low temperatures, attributed to WL phenomena due to excess oxygen ions randomly
distributed in the lattice structure [141,142]. In these compounds, a preliminary study has
revealed that WL (Figure 14a) is related to an unusual noise-spectral density of 1/ f -type.
According to Hooge empirical relation, the noise amplitude should scale with the square of
the dc bias current. This behavior is found in many materials, where the noise is essentially
related to random resistance fluctuations. In the case of NCCO, in the WL regime, the
measured 1/ f noise shows a very weak temperature dependence and a peculiar linear bias
current scaling of the spectral density SV (green triangles in Figure 14b). At temperatures
above the WL transition or in metallic NCCO samples (Figure 14c), the standard resistance
fluctuation behavior, with a quadratic bias current noise dependence, is gradually recovered
(red squares in Figure 14d).
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Figure 14. Temperature dependence of the resistance, (a,c), and of the noise coefficients, associated to a quadratic (red
squares) or to a linear (green tringles) bias current dependence, (b,d), of Nd1.83Ce0.17CuO4

+ (NCCO) thin films undergoing a
weak-localization (WL) transition, but with a semiconducting and superconducting low temperature behavior, respectively.
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Natural candidates for the realization of experiments useful to clarify these aspects
are manganese oxides, which are expected to show QIEs due to UCFs and, under well
controlled fabrication conditions, exhibit WL at relatively high temperatures (i.e., T > 30 K).
Therefore, a detailed noise analysis have been performed on LBMO thin films deposited
onto STO substrates by using low oxygen pressure (10−2 mbar) and low laser fluence (pulse
energy of 25 mJ). While samples deposited at high fluence (200 mJ) are characterized by
optimal transfer of target stoichiometry to the film and by an ordered microstructure, the
samples under consideration are characterized by heavy ion (La, Ba) deficiency and by a
disordered microstructure. In such a disordered manganite system, WL phenomena are
found to occur below a crossover temperature Tmin ∼ 32 K, signaling a resistance upturn as
shown by the red dashed line in Figure 15a [114,143,144]. Here, the temperature dependence
of SV , estimated at a reference frequency of 90 Hz, is also reported as black points. At a
fixed bias current (the data refer to a value of 50 µA), the standard theory of resistance
fluctuations in Ohmic compounds implies that SV ∝ R2 [29]. Both quantities are shown
in Figure 15a, with a very good agreement for temperatures above Tmin. This suggests the
existence of a standard noise process, essentially due to resistance fluctuations, at high
temperatures. Conversely, Figure 15a shows that such a model is not applicable below Tmin,
where QIEs appear, producing an upturn of the resistivity. Limiting the noise analysis in a
range close to Tmin, SV estimated at comparable resistance values is higher in the metallic
side than in the WL side. In particular, the blue data points in the inset to Figure 15a show
no specific resistance dependence, indicating explicitly that another type of 1/ f noise is
activated below Tmin with unusual properties. These unconventional characteristics of the
1/ f component are better evidenced by the bias current dependence of the noise spectral
density, and can be analyzed using a fitting procedure with a general quadratic function
of the form: SV(90 Hz) = a2 I2 + a1 I + a0 in the whole investigated temperature range.
Above Tmin, the quadratic coefficient a2 is clearly the dominant term (squares and red line in
Figure 15b), thus confirming that electric noise is originated by resistance fluctuations, with
a squared current dependence as the distinctive feature [29]. The parameter a2 is strongly
suppressed in the crossing from metallic to WL regime, while a new noise contribution,
linear in bias current and proportional to a1, arises (triangles and green line in Figure 15b).
The coefficient a0 (stars and blue line in Figure 15b) originates from frequency-independent
noise contributions and matches well with the temperature dependence of the sample
Johnson noise. This is the same result obtained in non-superconducting NCCO thin films
undergoing WL transition, shown in Figure 14a, indicating, therefore, a strong connection
between anomalous fluctuation mechanisms and QIEs, highly reproducible in different
samples and materials.

In order to validate the close link between WL and unconventional 1/ f noise, an
appropriate theoretical interpretation is necessary. In this respect, a simple model based
on non-equilibrium UCFs has been developed, suggesting that in disordered systems, the
low-temperature noise (T < Tmin) is mainly originated by the dephasing of the electronic
paths, while above Tmin standard thermal averaging can fully explain the observed noise.
This framework leads to an explicit dependence of the voltage-spectral density on the bias
current as:

SV ∝

{
(kBT)−1R2 I2 T > Tmin

(χe)−1RI T < Tmin
(6)

where kB is the Boltzmann constant, e is the electron charge, and χ is a dimensionless
scaling parameter [60,145]. From a qualitative point of view, Equation (6) establishes that, in
disordered thin films of characteristic size L and at low temperatures, the phase coherence of
the sample over regions of typical size LΦ induces a new source of noise based on the UCFs
phenomenology. In this quantum-like regime, the time-dependent conductance fluctuations
are produced by the dephasing of the electrons paths, the latter being at the origin of uncon-
ventional 1/ f fluctuations. In this picture, the bias current not only probes the conductance
changes, as expected for T > Tmin, but actively participates in the dephasing-driven noise
dynamics. This interpretation is supported by a substantial lowering of the noise level in the
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WL regime, which can be explained by a saturation effect of the conductance fluctuations.
At finite temperature, the sample is ideally divided in regions of typical size LΦ < L within
which coherence effects are relevant. The motion of impurities inside these coherent subsys-
tems produces additive changes of the conductance as long as the total variance Var[GΦ]

(i.e., the total noise amplitude) is saturated to the universal value ∼
(
e2/h

)2, GΦ being the
conductance of a single coherent subsystem [60]. The microscopic mechanism described
above substantially limits the noise level and qualitatively explains the saturation behavior
detected in WL regime (see the low-temperature data points in Figure 15a). Even though
universal behavior of UCFs is expected only in equilibrium condition and zero temperature
(i.e., for a fully coherent sample), in our case, some relics of this universal behavior could
be present for T < Tmin. The agreement between theory and experiment is confirmed by
the red solid curves of Figure 16, obtained by a best fitting procedure of Equation (6). The
model prediction is appreciable both at a fixed bias current value of 10 µA (Figure 16a) and
at 100 µA (Figure 16b), slightly deviating from the experimental data points only in the
transition region around Tmin. These findings demonstrate the direct connection between
WL and UCFs and, consequently, the relation of 1/ f noise with quantum nature of matter at
the boundary between classical and quantum realm. Further studies, however, are required
to better understand the origin of low-temperature unconventional noise in systems whose
microstructural disorder can be appropriately induced, such as, for example, nanowires and
one-dimensional (1D) confined electron gases.
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Figure 15. (a) Temperature dependence of the voltage-spectral density SV at a reference frequency of
90 Hz and at a fixed bias current level of 50 µA, shown as black filled circles. In the same panel, the
R2 experimental data are shown as a red dashed curve and referred to the right axis. The resistance
dependence of SV , for the metallic and WL sides, is visible in the inset. (b) Temperature dependence
of the three fitting noise parameters, a0, a1, and a2, relative to a quadratic law. A clear sign of a
crossover is evident at Tmin, above which a quadratic scaling of the 1/ f noise is found (squares and
red line), while below a linear contribution is dominant (triangles and green line).
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5. Comparison of Noise Properties

The experimental analyses reported here have shown the high potential of perovskitic
magnetic compounds for applications as magnetoresistive devices, such as magnetic ran-
dom access memories and sensors. Moreover, the large change of the resistance at the
metal-insulator transition also makes these materials, in particular LBMO, good candidates
for the fabrication of uncooled or moderately cooled bolometers. For all these industrial
and/or commercial purposes, the study of electric noise is very important, and the eval-
uation of the noise level is necessary to identify the best material to use. As reported in
Figure 17a, which shows the frequency dependence of the normalized voltage-spectral
density (intrinsic noise level) of the investigated perovskitic compounds, LSMO epitaxial
thin films have the lower noise level compared to other materials. These latter compounds,
although useful in technological applications for their high Curie temperature values, need
improvement of the deposition conditions in order to produce high-quality thin films.
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Figure 17. (a) Comparison of the noise level, expressed in terms of the normalized voltage-spectral density, between
the different compounds here investigated. (b) The noise level, expressed in decibels, of the best La1−xSrxMnO3 thin
films analyzed here, compared with that of other metals, half-metals, and polysilicon materials useful for technological
applications [29,30,146].

The best LSMO studied here, fabricated by using both molecular beam epitaxy and
pulsed laser deposition techniques, can be further compared with other metallic and
polysilicon materials to extract additional information from a technological point of view.
In this respect, Figure 17b, which reports the noise level calculated in decibels, shows very
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low noise and resistivity values for LSMO. This experimental evidence of intrinsic electric
noise comparable or, in several cases, better than the one of standard and well-known
metallic and semiconducting compounds, makes these manganese oxides promising for
application in innovative and advanced electronic devices.
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