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 A B S T R A C T

We studied sheet magnetoresistivity (MR) 𝑅□(𝑇 ,𝐁) at 2 ≤ 𝑇 ≤ 300 K in magnetic fields 𝐁 ≤ 8 T in carbon-
based nanolayers with islands of vertical graphene (VG) phase on their surface. Nanolayers with 20 and 
35 nm thickness were accordingly deposited during 20 (CBNL20) and 40 (CBNL40) minutes on glass substrate 
by PECVD method. MR curves for CBNL20 sample with out-of-plane 𝐁 orientation included contributions 
conditioned by 3 mechanisms: (i) 2D weak localization (WL) quantum corrections, (ii) free electrons scattering 
on (para)magnetic defects, and (iii) Lorentz-like (III). The 𝑅□(𝑇 ,𝐁) dependences for 35 nm thick CBNL40 
sample indicated the absence of mechanism (ii) i.e. lowering of spin-related charge carrier scattering. To 
agree negative magnetoresistance (NMR) effect with WL theory in high external 𝐁 in CBNL40, we are forced 
to propose highly inhomogeneous distribution of (para)magnetic defects with uncompensated spins the most of 
which are formed under VG phase islands. The formed in this case ferromagnetic moments resulted in strong 
redistribution of magnetic flux 𝛷 along C-layer plane: strong 𝛷 weakening between islands and concentration 
of 𝛷 near VG phase islands. This explains why we observe WL NMR effect in formally strong external 𝐁 values 
while real 𝐁 in C-layer is very low.
1. Introduction

Graphene- and carbon-based structures attract much attention from 
researchers due to the strong influence of growth methods on their 
electrical and other properties. The crystal-structural form of the carbon 
layers also has a significant impact on the properties of this type of 
carbon-based materials: amorphous, single-crystalline, polycrystalline 
with small and large grains (including nanosized), natural graphite, 
kish graphite, highly oriented pyrolytic graphite, etc. [1–5]. The variety 
of properties of carbon-based materials including their nanosized mod-
ifications (for example, single-sheet graphene [6], the so-called vertical 
graphene [7–12], graphite nanolayers, and other carbon structures) 
allows us to hope to use hybrid nanostructures based on graphite-like 
materials for sensors, solar cells, and electronic devices [13–16], energy 
storage devices [7–10], etc. In addition, graphite is used extensively in 
nuclear reactors [17,18], and electrodes in dry batteries. It serves as 
reinforcement in steels and has applications in anti-corrosion layers, 
etc.

The specific influence of temperature and magnetic field on the 
behavior of electric properties of graphite is due to its specific crys-
tallographic structure. In crystalline graphite carbon valence electrons 
form sp2 hybrid orbits, three of the four electrons bond the atoms into 
a planar hexagonal network in the plane, while the remaining electrons 
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form a 𝜋-type molecular orbitals. Weak Van-der-Waals bonding in the 
interplanar c direction holds the layers together [1,2]. As a result, 
crystalline graphite is the unique elemental semimetal due to its ex-
tremal anisotropy with very small electron and hole carrier densities 
(𝑛 ≈ 𝑝 ≈ 3 × 1018 cm−3). The in-plane carrier effective masses (𝑚∗) are 
very light (≈0.05𝑚𝑒), whereas those for interplane motion are about 
10𝑚𝑒, giving an enhancement of the density of electron states at the 
Fermi level [1]. Just due to its layered structure, crystalline graphite 
offers interesting perspectives to investigate magnetoresistive and Hall 
effects in low-dimensional structures.

An important feature of many carbon nanostructures (including 
graphite-like) is the ability to grow them directly on dielectric sub-
strates. This eliminates the procedure for their transfer, for example, 
from a catalytic metal foil (copper, nickel, etc.), which is forced to be 
used in graphene technology [19].

The literature contains an abundance of scientific articles devoted 
to the preparation and study of the correlations between the structure 
and applied properties of graphite-like nanostructures (see [2–4,20–24] 
and references to them). However, in relation to electric properties 
of such materials, there is still no complete understanding of these 
relationships. Furthermore, there is still no complete understanding and 
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satisfactory explanation of some ‘‘strange’’ features of charge carrier 
transport in these classes of materials in a magnetic field.

One of these problematic issues is the nature of the occurrence 
of the negative magnetoresistive (NMR) effect, which consists of an 
increase in conductivity with increasing magnetic field with induc-
tion 𝐁 in graphite-like and some other carbon-based materials. In 
many works for graphite and polycrystalline single and multilayer CVD 
graphene [5,13,25–30]), this effect is interpreted on the basis of the 
theory of quantum corrections to the Drude conductivity [3,31–34] 
caused by phases breaking of wave functions of electrons when they 
move under conditions of the so called weak localization (WL) by 
self-crossing trajectories. However, this interpretation does not take 
into account that, according to the theory, quantum corrections should 
be suppressed already in very weak magnetic fields (no higher than 
50...100 mT). Therefore, the use of this model to explain this strange
NMR effect in strong magnetic fields (from 1 to 8 T) is not entirely 
understandable [5,35].

The second feature of graphite-like samples is associated with the 
observation of a linear (by field) positive magnetoresistive (PMR) ef-
fect [13,36], which is observed in the magnetic field 𝐁 normal to the 
sample plane and electric current vector 𝐈. In contrast to the quadratic 
Lorentzian-like PMR effect, which saturates at fields much larger than 
the inverse of the carrier mobility [37], such a linear (non-saturated) 
behavior of the PMR and NMR effects (including at 𝐵 up to 40...62 
T) [2,38–44] cannot be explained from the point of view of the Lorentz 
force influence. Note that the linear behavior of 𝛥𝑅(𝐵) ∼ 𝐵 allows to 
obtain carbon-based structures for sensitive and inexpensive magnetic 
field sensors.

The third problematic issue is the simultaneous observation of NMR
and PMR effects in two-dimensional samples with both their trans-
verse and longitudinal orientations in a magnetic field. Note that in 
the latter case, vector 𝐁 lies in the plane of the sample, but is still 
perpendicular to vector 𝐈. From the point of view of the classical band 
theory of the magnetoresistive effect, the Lorentzian contribution to 
the PMR in a longitudinal magnetic field should be absent (with rare 
exceptions) [37]. However, there is a set of materials or artificially 
created objects (and not only carbon-based) in which the longitudinal 
and transverse magnetoresistances are almost the same or very high. 
This behavior was explained by the influence of the Hall resistance, 
which increases linearly with the field increase when measuring the 
longitudinal PMR effect [36–39].

And finally, from the point of view of theories generally accepted 
to explain the NMR effect (for example, quantum corrections [45–47], 
hopping mechanism [48–50], distortion of current lines in compo-
sitions of high- and low-conducting phases when a magnetic field 
is applied [51]), the latter should fall with increasing temperature. 
However, experiments for a number of materials and structures indicate 
that the NMR remains unchanged with the temperature increase [39].

All of the above indicates that the behavior of electrical resistance in 
a magnetic field in carbon materials (especially highly inhomogeneous 
and/or heterogeneous) is far from understood. Therefore, this work 
is devoted to studying the features of carrier transport in two-phase 
carbon-based nanolayers (CBNL), consisting of a sublayer of defective 
graphite of nanometer thickness and nanosized islands (of different 
sizes and densities) of nucleus of vertical graphene (VG) phase.

2. Experimental

The formation of CBNL was carried out by microwave plasma-
enhanced chemical vapor deposition (PECVD) at the IPLAS Innova-
tive Plasma Systems GmbH installation. This technology in works [7–
12] was used to grow nanosheets of vertical graphene. Details of 
experiments in our case were described in [52–54].

The structures were formed on fused silica substrates, which were 
pre-treated in hydrogen plasma with its flow rate of 200 cm3/min and a 
microwave power of 1.2 kW to remove any organic residues, oxides and 
2 
activate growth sites. After cleaning procedure, substrates were dried 
by N2 flow substrates and then were loaded into the reactor. To produce 
two-phase CBNL, the substrate temperature was increased up to 850 
oC (using substrate heater and remote plasma) and stabilized. After a 
15 min process of the substrate preheating, methane gas was introduced 
into the reactor chamber at a flow rate of 50 cm3/min for some time, 
and then the H2 flow was reduced to 150 cm3/min. The operating 
pressure was kept the same at 26 mbar during both preheating and 
the growth process.

We have studied samples CBNL20 and CBNL40 prepared by intro-
ducing methane gas into reactor chamber for 20 min and 40 min, 
respectively. The choice of the time of CBNL deposition on the substrate 
was based on the following ideas about the process of VG formation. 
According to works [7–12], at the first stage of VG phase formation, 
nanographite phase nuclei appear. In the second stage, these nuclei 
grow and merge into a thin and highly defective graphite sublayer 
containing point defects (such as pentagon and heptagon rings and 
others), completely covering the substrate. At the third stage, in the 
most defective zones of this sublayer, according to [7,11,12], the 
nucleation of islands of more perfect crystalline graphite occurs. At the 
fourth stage of growth, with an increase in the supply time of methane 
gas into the reactor chamber to more than 40 min, a VG-like structure 
is formed from these islands perpendicular to the substrate [7,11,12]. 
According to the task, the growth of CBNL in our experiments was 
stopped at the third stage. To study the properties, 3 samples of CBNL20 
and CBNL40 were obtained in one synthesis. The obtained samples had 
a scattering of conductivity absolute values of no more than 20% and 
retained all the main behavioral features.

The crystallographic structure of CBNL samples was studied by 
Raman spectroscopy (RS) and scanning electron microscopy (SEM). RS 
measurements were carried out on a Nanofinder 30 device (Japan). The 
power of the laser beam with a wavelength of 532 nm and a diameter 
of about 0.7...1 μm was 600 μW with an irradiation time of 20 s. 3 areas 
with dimensions of 20 × 20 μm were scanned, spaced from each other 
at a distance of at least 1 mm. SEM studies of the sample surfaces were 
performed using an FEI Quanta 200 FEG instrument with a resolution 
of 1...2 nm, containing an electron field emission source in a Schottky-
type electron gun. Cross-sectional SEM images were acquired using 
a Helios Nanolab 650 dual-beam system. It is important to keep in 
mind that a thin layer of Cr was deposited by magnetron sputtering 
on scanned area before SEM measurements.

Four-probe electric resistance R (conductance 𝜎) as a function of 
temperature 𝑇  and magnetic field with induction 𝐵 applied normally 
or parallel to the samples surface was measured in the closed-cycle 
refrigerator system (CCRS), produced by Cryogenics Ltd (London), in 
the temperature range 2 < 𝑇 < 300 K and 𝐵 values up to 8 T. 
Details of experiment were described earlier in [55,56]. Every time the 
vector of electric current I was perpendicular to vector 𝐁. The magnetic 
field is oriented with an accuracy of no worse than 0.1◦. The relative 
magnetoresistance is defined as MR = [𝑅(𝐵) − 𝑅(0)]/R(0), where 𝑅(𝐵) 
and R(0) are resistances at non-zero and zero 𝐵 values, accordingly. 
Measurements were performed on the samples with 4 indium (In) 
supersonically soldered electric contacts which were soldered by 50 μm
diameter copper wires to the contact pad in a measuring cell. The cell 
with a sample on the contact pad was placed in a special measuring 
probe included LakeShore thermometers and magnetic field sensors, 
heaters, heated thermal shields, all in He gas atmosphere under low 
pressure. The probe was inserted into channel of superconducting 
solenoid inside the cryostat in CCRS. When studying the R(𝑇 , 𝐁) or 𝜎(T, 
𝐁) curves, the current through the sample was set and measured using 
a Keithley 6430 instrument, which made it possible to measure the 
electrical resistance of the samples in the range from 100 μΩ to 10 GΩ
with an accuracy of no worse than 0.1%. Temperature was stabilized 
with the precision not less than 0.005 K using LakeShore 331 measuring 
controller. The accuracy of measuring the specific conductivity was 
no worse than 10%, which was mainly determined by the inaccuracy 
of measuring the geometric dimensions of the samples, the width of 
potential electrical contacts and the distances between them.
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Fig. 1. SEM images of the surface for CBNL20 (a) and CBNL40 (b) samples in the backscattered electron mode. The insets show island area distributions obtained 
by image analysis using Autoscan2005 computer program.  (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
3. Results

3.1. Structure of carbon-based nanolayers

As mentioned above, the samples under study represent the precur-
sor structures of vertical graphene (VG) described in works [7–10] at 
the initial stages of their formation, that is, carbon layers that arise 
before the direct formation of the VG phase. The surface of the samples 
under study presents homogeneous structures when studied both in 
optical and scanning microscopes. SEM images of the surface and 
cross-sections of CBNL20 (after a 20 min growth process) and CBNL40 
(after a 40 min growth process) are presented in Figs.  1 and 2 (see 
also [52–54]).

As is seen in Fig.  1, SEM images of the surface of every CBNL sample 
look like a fairly uniform structure with a large number of stretched 
bright islands on top of a continuous carbon sublayer. Processing 
of SEM images using the Autoscan2005 computer program made it 
possible to estimate some dimensional parameters of bright islands and 
their density, representing that every island on the surface of each
CBNL sample has an ellipse-like shape. From the distribution of these 
islands by area values, presented in the insets to Fig.  1a and b, it follows 
that in the sample CBNL20 approximately 56% of the area is occupied 
by islands with the smallest areas lying in the range of 1.5...27.7 nm2, 
and for the sample CBNL40 about 44% of the islands occupy the area 
1.36...123 nm2. As can be seen from Table  1, the ratio of the areas 
occupied by bright areas to the area of the entire SEM image is about 
0.77% for the CBNL20 sample and 1.08% for the CBNL40 sample, 
respectively. The change of growth time from 20 to 40 min leads 
to two consequences. On one side, an increase in the mean size of 
long and short axes of the elongated ellipse-like light areas (islands) 
is increased from ∼4.2 nm to ∼10.5 nm for long axes and from ∼2.6 nm
to ∼6.1 nm for short axes, correspondingly, while their overlap does 
not occur. On the other side, the concentration of islands is strongly 
decreased from 2.5 ⋅ 1010 cm−2 to 5.4 ⋅ 109 cm−2 for samples CBNL20 
and CBNL40, accordingly. It is worth also noting that the formation of 
contrasting bright areas on SEM images of CBNL samples measured in 
the backscattered electron mode indicates the accumulation of charge 
in these areas. This fact, in turn, indicates a weak electrical interac-
tion (the presence of barriers) between these areas and the general 
conductive carbon sublayer, which prevents charge drain from them. 
Therefore, these areas can be attributed to nuclei of future vertical VG
phase in VG structures grown at longer times. In this case, the drop of 
islands’ density after an increase of growth time can be attributed to 
3 
Table 1
Dimension parameters of bright elongated islands (nuclei of VG phase) in SEM
images of surface, thicknesses and 𝜎□ of CBNL20 and CBNL40 samples.
 Sample CBNL20 CBNL40  
 Full square of processed SEM image, 
nm2

4.49 ⋅ 106 1.84 ⋅ 107  

 Full number of islands (nuclei of VG
phase) on processed SEM image

1040 999  

 Full square of islands (nuclei of VG
phase) on processed SEM image, nm2

3.5 ⋅ 104 2.0 ⋅ 105  

 Relation of islands’ square to the 
processed SEM image square, %

0.774 1.084  

 Density of islands (nuclei of VG phase), 
cm−2

2.5 ⋅ 1010 5.4 ⋅ 109  

 Mean square of one island = 𝜋𝑎𝑏, nm2 34 200  
 Mean long axis 𝛼, nm 4.2 10.5  
 Mean short axis 𝛽, nm 2.6 6.1  
 Thicknesses, nm 20.3 ± 2.1 35.4 ± 4.9 
 𝜎□ at T = 300 K, Sm 1.06 ⋅ 10−4 2.65 ⋅ 10−4  
 𝜎□ at T = 2 K, Sm 0.55 ⋅ 10−4 1.86 ⋅ 10−4  

either coalescence (due to incorporation of smaller VG phase nuclei by 
larger ones) or interrupting of low-sized VG phase nuclei growth (due 
to their overgrowing with a nanographitic layer) during the 40 min 
growth process.

As is seen from transverse chips in Fig.  2, in accordance with the 
growth scheme described above, both samples contain nanographitic C-
layers with mean thicknesses of the order of 20.3 ± 2.1 and 35.4 ± 4.91
nm, respectively, on which we observe randomly distributed ellipse-like 
islands (nuclei) of graphite.

Fig.  3 show typical Raman spectra for both studied samples. They 
are practically do not change over the scanned area confirming the 
homogeneity of the samples‘ surface. The spectra show pronounced 𝐺
and 2𝐷-peaks indicating a structure characteristic for 𝑠𝑝2-hybridized 
carbon.

The presence of D and (D+D’) lines in RS indicates the presence of a 
significant number of defects in the samples. The high intensity of the
G and D peaks relative to the 2D peak confirms a fairly strong disorder 
of the structure, which is characteristic for the initial stages of growth 
of VG structures [7]. It is worth noting that the studied RS allowed us 
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Fig. 2. Cross-section SEM images of CBNL20 (a) and CBNL40 (b) samples in 
the backscattered electron mode.

Fig. 3. An example of Raman spectra for samples CBNL20 (black line) and
CBNL40 (red line).  (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

to detect only the presence of areas with 𝑠𝑝2 hybridization, although, 
as is known [11], such objects also have other carbon modifications.

Thus, in accordance with our and literature results, it can be as-
sumed that the studied CBNL samples represent a defective graphite-
like sublayer formed at the initial stages of the PECVD process, in 
which the appeared nuclei of future vertical graphene phase looked like 
islands with an elongated shape.

3.2. Electrical properties of  CBNL  samples in zero magnetic field

Let us note an important feature of measuring procedure when 
studying the temperature dependences of the conductivity (resistivity) 
of the CBNL samples. This feature was identified and described in 
details in our previous work [54] where we studied 𝜎(𝑇 ,𝐁) curves after 
a number of heating–cooling–heating cycles according to the procedure 
300 K → 2 K → 300 K without and with removal of samples from cooled 
helium gas into air at 300 K. As was shown in [54], when stored in 
air at room temperature, the resistance of both samples practically did 
not change during time. However, an increase in resistance was noted 
during repeated thermal cycling in the temperature range of 2...300 
K either in helium gas or when the samples were taken out into the 
air after heating up to 300 K. The results of this thermocycling will be 
described shortly below and in more detail in Supplemental Material 
A.

Before starting measurements of 𝜎(𝑇 ) curves of the samples, their 
longitudinal current–voltage (𝐼-𝑉 ) characteristics were checked at tem-
peratures 𝑇 = 2 K and 𝑇 = 300 K (inset in Fig.  4a. For both samples, 
the 𝐼-𝑉 s turned out to be linear [54], which indicates the ohmic 
nature of the electrical contacts used. The higher resistance of the
4 
CBNL20 sample compared to the CBNL40 sample is most likely due 
to the smaller thickness and higher defectiveness of the conductive 
nanographitic sublayer in CBNL20 sample formed at the 20 min stage 
of the PECVD process.

As mentioned above, to understand the behavior of the 𝜎(𝑇 ) de-
pendencies, the samples were studied in process of 5-fold cooling–
heating–cooling cycles [54]. Measurements during cycles N = 1...3 
were carried out without removing the sample from the helium atmo-
sphere into air after its last warming. After N = 3, the sample, after 
heating to 300 K, was taken out into the air for a short time (about 
4...5 min) to change of the sample in the magnetic field, and then, after 
being placed in a helium atmosphere, two more cycles were carried out 
according to the scheme 300 K → 2 K → 300 K. Examples of 𝜎(𝑇 ) curves 
in form for N = 1 and N = 5 see Supplemental Material A, Figure A.2.

Let us shortly discuss the mostly important features in the behavior 
of the 𝜎 curves depending on number N of thermal cycles. As was 
shown earlier in [54] and presented in Suppl. A, the 𝜎 depended on
N with a tendency to saturation. At the same time, the increase in N
had the greatest impact on the CBNL20 sample, where the decrease in 
𝜎(𝑇 = 300 K) was close at 17% for N =  5 measuring cycle, while for 
the CBNL40 sample it did not exceed 1.6% under the same conditions. 
This behavior of the 𝜎 dependences and the observed ‘‘jumps’’ on 𝜎(𝑇 )
curves (presented in Suppl. A and [54]) were explained by changes in 
the internal stresses in the samples during the cooling process due to 
the peculiarities of the formation of the nanographite sublayer. These 
changes most likely arose as a result of the rearrangement of defects 
formed at the grain boundaries and/or in the bulk of nanographite 
sublayer, and at the change of environmental atmosphere due to pas-
sivation of dangling bonds with atmospheric gases and water vapors. 
These stresses may also lead to ruptures (interstices) in the CBNL
as they cool. As noted in [54], the role of defects in the sensitivity 
of electrical resistance to measurement modes can be supported by 
the fact that the CBNL40 sample, obtained with a longer deposition 
time, turned out to be significantly less sensitive to thermal cycling 
procedure (𝑁 value) than the CBNL20 sample. In [54] such behavior 
was attributed to a decrease in grain boundary stresses of the thicker 
graphite sublayer during the growth of nuclei of the vertical component 
of the VG phase.

In paper [54] (see Supplemental Material A), it was also shown that 
the temperature dependences of the conductance of CBNL20 had pro-
nounced ‘‘jumps’’, which apparently reflect the restructuring of defects 
and possible breaks in the carbon structure. In this case, the number of 
‘‘jumps’’ decreases significantly after several cycles of cooling//heating, 
but do not disappear completely, so in this sample temperature depen-
dence of the 𝜎(𝑇 )∕𝜎300 has a ‘‘jump’’ at a temperature 𝑇 ≈ 131 K, for 
this reason the analysis of this sample is divided into 2 sections, and 
for convenience, normalized conductivity values were used.

In general, in [54], similarity of 𝜎(𝑇 )∕𝜎300 curves was observed at 
different N, which may indicate the conservation of the basic con-
ductivity mechanisms of both samples at different stages of thermal 
cycling. To identify these mechanisms, detailed studies of the 𝜎(𝑇 ,𝐁)
dependences were carried out during the last measuring cycle N = 5 
at different orientations of magnetic field relative to the plane of the 
samples.

The behavior of the 𝜎(𝑇 )∕𝜎300 curves (Fig.  4) demonstrate the 
semiconductor (close to exponential) nature of carrier transport in both 
samples. The most likely reasons for this behavior in carbon materials 
can be either activation mechanism [50,57]: 

𝜎(𝑇 ) ≈ 𝜎𝐷0 ⋅ 𝑒𝑥𝑝

[

−

(

𝑇𝐷0
𝑇

)𝛼]

. (1)

where the model parameters 𝛼, 𝜎𝐷0  and 𝑇𝐷0  characterize hopping 
conduction with a variable range hopping (VRH) depending on dimen-
sion (D = 1, 2 or 3) of the samples under study. These parameters 
allow to extract the energy dependence of the density of localized states 
along which the hopping of electrons occur. According to [48–50], the 
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Fig. 4. Temperature dependences of normalized conductivity 𝜎(𝑇 )∕𝜎300 (where 𝜎300 is conductivity at temperature T = 300 K) for samples CBNL20 (a) and
CBNL40 (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
parameter 𝛼 can be equal to 0.25 or 0.33 for 3D and 2D models of Mott
VRH, respectively, or 0.5 and 0.33 in 3D and 2D samples accordingly 
for VRH Shklovskii–Efros model. Note that in the case of standard band 
model with constant activation energy 𝛼 = 1.

Another possible mechanism for the formation of low-temperature 
conductivity in CBNL may be the interference mechanism of quantum 
corrections (QC) to the Drude conductivity under conditions of weak 
localization [46]: 
𝜎(𝑇 ) = 𝐴 + 𝐵 ⋅ ln(𝑇 ), (2)

for the 2D case and 
𝜎(𝑇 ) = 𝐶 +𝐷 ⋅

√

𝑇 , (3)

for the 3D case, where 𝐴, 𝐵, 𝐶 and 𝐷 are model constants.
As we have shown by modeling, in its pure form, none of the mech-

anisms mentioned above describes experimental conductivity curves 
simultaneously over the entire temperature range (see Supplemental 
Material B). However, simultaneous consideration of both 2D and 3D
QCs and the activation mechanism 
𝜎(𝑇 ) = 𝐴 + 𝐵 ⋅ ln(𝑇 ) +𝐷 ⋅

√

𝑇 + 𝐸 ⋅ 𝑒−△𝐸∕𝑇 , (4)

gives good agreement between the experimental and approximated 
conductivity curves (Fig.  4) over the entire temperature range. Here A, 
B, D are the constants as in relations (2) and (3) and △𝐸 – activation 
energy in semiconducting CBNL sublayer. The second term in relation 
(4) is responsible for 2D quantum corrections to Drude conductivity, 
the third term is for 3D ones, and the fourth term is for the band-like 
semiconducting (activational) mechanism.

The modeling carried out based on relations (1)–(4) showed that 
in both samples there are 2D quantum corrections to conductivity that 
are dominant at low temperatures. Activation mechanism in relation 
(4) with △𝐸∕𝜅𝐵 ≈ 296 K and ≈ 384 K (𝜅𝐵 is Boltzmann constant) 
for samples CBNL20 and CBNL40, respectively, plays a significant 
role at relatively high temperatures close to room temperature. The 
mechanism of quantum corrections for the 3D case appears only in 
sample CBNL40.

For the 2D case of quantum corrections theory, the following rela-
tionship is known for the temperature dependence of conductivity [58–
60]: 

△𝜎 = 𝛽
(

2𝑒2

𝜋2ℏ

)

ln(𝑇 );△𝜎 ∼ 𝑝
(

𝑒2

𝜋ℎ

)

ln(𝑇 ), (5)

where 𝑒 is the electron charge, ℏ = ℎ∕2𝜋, ℎ is Planck’s constant, 
𝜋 = 3.14, 𝛽 and 𝑝 are the parameters responsible for the relation-
ship between the phase breaking time and temperature and is in the 
5 
range from 0.25 to 0.5 for 𝛽 [58] and 1 or 2 for 𝑝 [60]. Parameter 
𝛽((2𝑒2)∕(𝜋2ℏ)) or 𝑝((𝑒2)∕(𝜋ℎ)),being an analog of approximation con-
stant 𝐵 in relations (3) and (5), must be in the range from ≈1.23 ⋅
10−5 Ω−1 to ≈2.46 ⋅10−5 Ω−1. For our samples, considering conductivity 
normalization, constant 𝐵 is close to the values of ≈1.2 ⋅ 10−5 Ω−1. This 
fact confirms the correctness of the approximation results. The value 
of the parameter 𝑝 = 1 corresponds to the mechanism of scattering by 
defects [60].

The inset in Fig.  4b, shows the temperature dependences of the 
conductivity of samples CBNL20 (black dots) and CBNL40 (red dots) on 
a semi-logarithmic scale 𝜎(𝑇 )∕𝜎0−𝐿𝑔(𝑇 ), which shows the saturation of 
the 𝜎(𝑇 )∕𝜎300 curve at low temperatures. This effect is probably due to 
the tendency of the mean free path of charge carriers to the grain sizes 
with decreasing temperature, which was observed in polycrystalline 
graphene sheets in [55].

3.3. Magnetoresistance in carbon-based nanolayers samples

To further confirm the influence of QC mechanisms on carrier 
transport in CBNL samples, we present in Fig.  5 below the magnetic 
field dependences of relative magnetoresistance MR(B) = [𝑅(𝐵, 𝑇 ) −
𝑅(0, 𝑇 )]∕𝑅(0, 𝑇 ), measured for two orientations of vector 𝐁 relative to 
sample plane — normally to the substrate plane and current vector 𝐈
(out-plane orientation) and along the plane substrate but normally to 
current vector 𝐈 (in-plane orientation).

Sample CBNL20 for out-plane orientation of 𝐁 behaves rather like 
single-layer graphene with two main contributions into MR(B), in-
cluding Lorentz effect (giving positive MR) and probably quantum 
corrections in weak localization conditions (with negative MR) (Fig. 
5a). For in-plane orientation of 𝐁 the sample CBNL20 is characterized 
by only negative contribution into MR (Fig.  5b).

As is seen in Fig.  5a, MR(B) curves at temperatures below 25 K for 
the sample CBNL20 with out-plane orientation demonstrates negative 
magnetoresistance (NMR) over the entire range of magnetic fields 
under study. At T  > 25 K, in the high-field region, features of a posi-
tive magnetoresistive effect (PMR) appears. In the case of an in-plane 
orientation of the magnetic field (Fig.  5b), only NMR is observed, the 
value of which is more than 2 times less than for out-plane orientation.

As is seen in Fig.  5c, the CBNL40 sample demonstrates only the 
presence of NMR effect for the out-plane magnetic field orientation. 
At the same time, with a planar orientation of the magnetic field (Fig. 
5d) in the temperature range below 10 K, the PMR effect is observed 
with a tendency to saturate in strong fields and gradually decrease with 
increasing temperature.
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Fig. 5. Dependences of relative magnetoresistance 𝑀𝑅(𝐵) = [𝑅□(𝐵, 𝑇 ) −𝑅□(0, 𝑇 )]∕𝑅□(0, 𝑇 ) for the sample CBNL20 (a,b) and CBNL 40 (c,d) with the orientation 
of the magnetic vector induction 𝐁 out plane (a,c) and in plane (b,d) at different temperatures.
The NMR effect in the CBNL20 sample with out-plane orientation 
magnetic field (Fig.  5a) can be attributed to quantum corrections under 
WL conditions, which also manifested in 𝜎(𝑇 ) curves described above. 
The appearance of the PMR is most likely due to the influence of the 
Lorentz mechanism on the movement of charge carriers. Note that 
an increase in the NMR is observed up to a magnetic field of 6 T, 
while, according to the theory [61], the NMR effect in such high 
magnetic fields should be absent. According to [45], the coexistence 
of 2D quantum corrections in the form of the NMR and the Lorentzian 
contribution in the form of the PMR in 2D or quasi-2D CBNL20 sample 
is possible only at out-plane orientation of a magnetic field. Because 
of this, for the in-plane orientation, the PMR effect is absent and a 
weakening of the NMR effect is observed (Fig.  5b).

Note that a comparison of the 𝑀𝑅(𝐵) behavior in Fig.  6 for the 
perpendicular (out-plane) and longitudinal (in-plane) orientations of 𝐁
vector demonstrates a significant difference in the region of relatively 
low fields. MR(B) curve 2 in Fig.  6 shows a faster NMR effect increase 
when growing of 𝐁 with a perpendicular orientation compared to the 
longitudinal one (curve 1). Thus, the indicated features of the NMR
effect for the CBNL20 sample are likely due to coexistence of, at 
least, two contributions: 2D quantum corrections (at 𝐵 values lower 
than 0.01...0.02 T) and the NMR contribution (at 𝐵 up to 6 T) due 
to any other mechanism, which is present both for longitudinal and 
perpendicular 𝐁 orientations. We assume that this additional high-𝐵
contribution to the NMR effect may have the same abnormal nature as 
the anomalous magnetoresistance (AMR) effect, which was relatively 
recently discovered in some works. In papers [62–66], the AMR effect, 
approaching ∼10% or more in some materials, was firstly observed 
in devices based on organic layers with non-magnetic electrodes and 
called the Organic MR effect (OMAR). Among the main features of the
AMR effect, we can highlight the following:
6 
Fig. 6. Curves 𝑀𝑅(𝐵) = [𝑅□(𝐵, 𝑇 )−𝑅□(0, 𝑇 )]∕𝑅□(0, 𝑇 ) of the CBNL20 sample, 
measured with in-plane (1) and out-plane (2) orientation of magnetic field 
relative to the sample plane at temperature of 2 K.

• (a) AMR is the property of the layer bulk [62,63].
• (b) AMR is caused by hyperfine coupling [62,63,65].
• (c) AMR does not depend on the direction of the magnetic 
field [62,63,66].

• (d) AMR, depending on the material [62,63], obeys empirical 
laws like... 

𝑀𝑅(𝐵) ∼ 𝐵2∕(|𝐵| + 𝐵 )2, (6)
0
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or 
𝑀𝑅(𝐵) ∼ 𝐵2∕(𝐵2 + 𝐵2

0 ). (7)

• (e) the AMR sign may be positive or negative, depending on the 
material and/or operating conditions of the devices [62,63,66].

At the moment, the AMR effect does not have an unambiguous 
description recognized by researchers. Most often, AMR is attributed 
to several mechanisms, which can be divided into two groups: hopping 
mechanisms of carrier transport and scattering by magnetic impurities.

In the case of the hopping mechanism, AMR is linked to the ex-
ponential asymptotic dependence of the electron bound state wave 
function on the distance from the donor (or acceptor) impurity [48] in 
a strong magnetic field. For a spherically symmetric Coulomb potential 
in a zero magnetic field, the wave function in a magnetic field be-
comes cigar-shaped, i.e., compressed in the direction transverse to the 
field [48,67]. This compression should lead to a significant reduction 
in the overlap of the tails of the electron wave functions on two 
neighboring donors, resulting in a substantial increase in resistance 
(PMR) under the influence of a magnetic field. Therefore, the expo-
nential variation of MR(B) in the PMR region in sufficiently strong 
magnetic fields is considered as indication of hopping carrier transport. 
Conversely, in some hopping systems, such as amorphous germanium 
and silicon, an anomalous Negative Magnetoresistance contribution to
MR(B) is observed. This is often attributed to the presence of frozen 
spins on some localized states [68]. The latter introduces into MR(B)
dependence either the influence of charge carriers scattering with a 
spin flip or the influence of an increase in the density of localized 
states due to the Zeeman energy splitting ∼𝜇𝐵𝐵 [69]. This type of NMR
manifests itself as a relatively small effect (<1%) even in relatively 
strong magnetic fields with 𝐵 ∼ 1T [63,70].

Fukuyama and Yoshida [71] proposed a mechanism of electronic 
conduction due to variable range hopping (VRH) resulting from strong 
Anderson localization, i.e., without the participation of spins. This leads 
to a large NMR effect, especially near the metal-nonmetal transition, 
due to the exponential dependence of the rate of electron hopping by 
occupied energy levels (localized centers) on distance. This mechanism 
also manifests itself in the form of a strong dependence of conductivity 
on the electric field. The application of a magnetic field removes the 
degeneracy (splits) of energy states (Zeeman effect), resulting in the 
preferential population of energy levels in a higher Zeeman state. The 
wave function corresponding to these states has a large spatial extent, 
and the conductivity in a magnetic field is given by the relation: 

𝜎(𝐵) = 𝜎0𝑐𝑜𝑠ℎ(𝛼𝐵), (8)

where 𝜎 is conductivity in the field 𝐵, 𝜎0 – conductivity in 𝐵 = 0, cosh
– hyperbolic cosine. Coefficient 𝛼 in (8) is 

𝛼 =
𝛽𝑑
𝑛

𝑔𝜇𝐵
2(𝐸𝐶 − 𝐸𝐹 )

(

𝑇0
𝑇

)

1
𝑛 , (9)

where 𝑇0 is characteristic temperature, depending on temperature, n
= 0.25 according to Mott VRH mode and n = 0.5 for Shklovskii–Efros
VRH regime.

Altshuler, Aronov and Khmelnitsky [32,72] showed that NMR can 
be caused by VRH jumps of coherent electrons (the same ones that 
are responsible for quantum corrections) by weakly localized states, 
taking into account the shift of the metal–insulator transition point in 
an external magnetic field. In [72], the dependence of resistance on the 
magnetic field is given by the relation

ln
(

𝜌(𝑇 , 𝐵)
𝜌(𝑇 , 0)

)

=
(

−𝐴𝜈 1 − 𝛼
𝛼

)( 𝑒𝐵
ℏ𝑐
𝑛−

2
3
)

1
2𝜐 ln

(

𝜌(𝑇 )
𝜌0

)

, (10)

where constant 𝐴 ∼ 1, 𝜈 ≈ 1∕2 [73] and 𝑛 – concentration of carriers.
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Alexandrov, Dediu and Kabanov [70] proposed a model of hopping 
magnetotransport depending on the sign of non-zero states of the 
orbital magnetic moment 𝑚. In this case, the course of 𝑀𝑅(𝐵) ∼ 𝐵
for any non-zero magnetic quantum number (𝑚) for the localized state. 
The value of 𝑚 can be quite large if the bound state is small enough 
and/or the jump length is large enough. MR(B) is positive (PMR) for 
positive 𝑚 and negative (NMR) for negative 𝑚. The unusual expansion 
of the wave function with a positive value of 𝑚 is associated with a 
linear decrease in the ionization energy in weak magnetic fields due 
to influence the orbital magnetic moment. On the contrary, states with 
negative 𝑚 are compressed, in particular, because of increasing their 
ionization energy with increasing magnetic field. As a result, the total 
change in conductivity with increasing magnetic field is given as the 
sum of the linear component (𝜎𝑚) and the exponential contribution (𝜎𝑠) 
due to the classical compression of the wave function [48]: 

𝜎(𝐵) = 𝜎𝑚(𝐵) + 𝜎𝑠(𝐵) = 𝜎𝑚0

(

1 + 𝐵
𝐵𝑚

)

+ 𝜎𝑠0𝑒
−
(

𝐵
𝐵𝑠

)2

, (11)

where 𝜎𝑚0, 𝜎𝑠0 are corresponding contributions in conductivities in 
𝐵 = 0; 𝐵𝑚, 𝐵𝑠 – corresponding characteristic fields.

Additionally, NMR mechanisms based on hopping conduction in-
clude effects that arise in the presence of polarons. Initially, polaron 
models were developed for perovskite manganites [74–76]. Bobbert 
et al. modified the model for organic materials [63]. They assumed that 
conduction in disordered organic materials occurs due to hopping of 
charge carriers between localized sites, but due to the strong electron–
ion interaction, electrons drifts in an electric field being surrounded 
by a cloud of positive charges of lattice ions (polarons). The mecha-
nism is based on polaron hopping and the formation of bipolarons (a 
doubly occupied site) under the influence of random hyperfine fields 
of hydrogen-like impurities and an external magnetic field. Depending 
on the ratio of the rates of transitions from one site to another one 
with and without the formation of a bipolaron, two different shapes of
MR(B) curves of type (6) and (7) are experimentally observed.

An alternative to the hopping-based models was developed in [77–
80] where NMR effect was attributed to the spin-dependent scattering 
of charge carriers by localized magnetic moments of paramagnetic 
centers. The application of an external magnetic field orders these 
magnetic moments (and the faster the lower temperature), which sup-
presses carrier scattering and, accordingly, increases conductivity [77–
79]. As a result, the NMR effect is described by the relations: 
𝛥𝜌
𝜌0

= −
(

𝐶 ⋅ 𝐿
(

𝜇∗𝐵
𝑘𝐵(𝑇 + 𝛩)

))2
, (12)

or 
𝛥𝜌
𝜌0

= −𝐶 ⋅ 𝐿
(

𝜇∗𝐵
𝑘𝐵(𝑇 + 𝛩)

)

, (13)

where

𝐿
(

𝜇∗𝐵
𝑘𝐵(𝑇 + 𝛩)

)

= coth
(

𝜇∗𝐵
𝑘𝐵(𝑇 + 𝛩)

)

−
𝑘𝐵(𝑇 + 𝛩)
𝜇∗𝐵

,

is Langevin function; 𝜌 – resistivity of the sample in non-zero 𝐵; 𝜌0 – 
resistivity of the sample in 𝐵 = 0; 𝛩 – Qurie temperature, 𝜇∗ - magnetic 
moments of scattering centers.

At 𝛩 = 0 Eqs. (12) and (13) are transformed in relations 
𝛥𝜌
𝜌0

= −
(

𝐶 ⋅ 𝐿
(

𝜇∗𝐵
𝑘𝐵𝑇

))2
, (14)

𝛥𝜌
𝜌0

= −𝐶 ⋅ 𝐿
(

𝜇∗𝐵
𝑘𝐵𝑇

)

. (15)

Close behavior is observed at electron–magnon scattering, since the 
density of spin waves increases with increasing temperature. This effect 
was described by [81] on the base of expression 

𝛥𝜌𝑥𝑥(𝑇 , 𝐵) ∝
𝐵𝑇 ln

(

𝜇𝐵𝐵
)

, (16)

𝐷(𝑇 )2 𝑘𝐵𝑇
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Fig. 7. (a) Dependence of the relative magnetoresistance 𝑀𝑅(𝐵) = [𝑅□(𝐵, 𝑇 ) −𝑅□(0, 𝑇 )]∕𝑅□(0, 𝑇 ) on magnetic induction for the CBNL20 sample measured at 𝑇
= 6 K (points) and its approximation by models (6), (7), (14) and (15). (b) Determination coefficient (𝑅2) for approximations of the MR(B) dependences for the
CBNL20 sample by models (6), (7), (10), (14)–(16) and (18) in the temperature range 2...300 K. The magnetic field orientation is parallel to the sample plane.
which is valid at intermediate temperatures. Here 𝐷(𝑇 ) is the magnon 
stiffness or magnon renormalization mass, 𝜈𝐵 is the Bohr magneton 
and 𝑘𝐵 is the Boltzmann constant. It is seen that magnon contribution 
to magnetoresistive effect can be both positive (at 𝜇𝐵𝐵 ≥ 𝑘𝐵𝑇 ) and 
negative (𝜇𝐵𝐵 ≤ 𝑘𝐵𝑇 ).

Under conditions of weak localization, the NMR effect can be de-
scribed by the Aronov–Altshuler theory for interference quantum cor-
rections [82] to Drude sheet conductivity in form: 

𝛥𝜎□ = 𝑒2

𝜋ℎ
𝐹
(

𝐵
𝐵𝜙

)

, (17)

or [61] 

𝛥𝑅□ = −
𝑒2𝜌2

𝜋ℎ
𝐹
(

𝐵
𝐵𝜙

)

, (18)

where 
𝐹 (𝑥) = ln(𝑥) + 𝜓

(

0.5 + 𝑥−1
)

, (19)

𝜓 is digamma function. Here the parameter 𝑥 = 𝐵∕𝐵𝜑 is determined by 
the ratio of the induction of the external magnetic field 𝐵 to a certain 
characteristic field 𝐵𝜑. The characteristic field 𝐵𝜑 describes scattering 
processes without phase breaking of wave function. It determines the 
phase breaking times 

𝜏𝜙 = ℏ𝑐
4𝑒𝐷

𝐵−1
𝜑 , (20)

during elastic or quasi-elastic scattering of charge carriers. Here D is 
diffusion coefficient for electrons.

Within the framework of the above-described models, identifying 
the nature of the NMR component, which for sample CBNL20 is present 
both for longitudinal and perpendicular orientations of the magnetic 
field, is easier to carry out for the longitudinal orientation of the 
magnetic field, because the influence of 2D quantum corrections and 
the Lorentz mechanism on the behavior of the MR(B) curves can be 
ignored. An example of approximation of experimental MR(B) curves 
with the above-described models at T  = 6 K is shown in Fig.  7a (the 
complete approximation procedure under all considered temperatures 
and for all models mentioned above is given in Supplemental Material 
C).

Fig.  7b shows the coefficient of determination (𝑅2) for approxi-
mations of the magnetic field dependences of MR(B) for the CBNL20 
sample by models (6), (7), (10), (14)–(16) and (18). Analysis of models 
(8) and (11) was not carried out on this graph since, on the one 
hand, these models were tested for magnetoconductivity 𝑀𝐶(𝐵) =
8 
[𝜎□(𝐵, 𝑇 ) − 𝜎□(0, 𝑇 )]∕𝜎□(0, 𝑇 ), and on the other hand, as can be seen 
from Supplemental Material C (Figure C.4) these models cannot de-
scribe the experimental data. To a rough approximation, models (6), 
(7), (10), (14)–(16) and (18) adequately describe the experimental 
data. However, as can be seen in Fig.  7b, the worst agreement over 
the entire temperature range is shown by models (10) and (16). In 
the region of relatively high temperatures (>25 K), good agreement is 
shown by model (18) characteristic of quantum corrections, however, 
model (18), on the one hand, shows poor agreement at temperatures 
below 𝑇 = 25 K, and on the other hand, as noted above, their presence 
seems unlikely due to the small thickness of the sample.

The remaining models can be divided into two groups: (i) models 
(6) and (7) characteristic of AMR [63] and (ii) models (14) and (15) and 
those given in [77–79], associated with scattering by magnetic impu-
rities. Calculations have showed that model (6) has an advantage over 
model (7), and (14) over (15). It is worth noting that models (6) and 
(14) describe the behavior of relative magnetoconductivity MC(B) in 
low magnetic fields much better than the other models under considera-
tion, which also indicate the priority of models (6) and (14) over others. 
In this case, we observe a slightly better approximation of the MR(B)
dependences we obtained by model (6) compared to other mechanisms, 
which may indicate the possibility of the formation of bipolarons, and
MR(B) is better described by the model proposed in [63]. However, 
as described above, analysis of the temperature dependence of conduc-
tivity indicates that there is no significant contribution from hopping 
conductivity at temperatures below 50 K (according to modeling, it 
does not exceed 0.03% and decreases exponentially with decreasing 
temperature). Therefore, it seems unlikely that the contribution from 
the hopping mechanism to the total magnetoresistance MR(B), at low 
temperatures, will have a value of about 9%. Otherwise, this would 
mean that the contribution of the hopping component 𝑀𝑅ℎ𝑜𝑝(𝐵) to the 
total MR(B) is ≈13000% at T  = 50 K and increases exponentially when 
temperature decreasing. Based on the above, in our opinion, the most 
probable of the listed models is model (14) associated with taking into 
account spin-dependent scattering during the charge carrier transport, 
which will be explained below.

Taking into account the above described, it seems more likely 
that the mechanism of scattering of electrons by localized magnetic 
moments M caused by the presence of spins on paramagnetic defects 
and dopant impurities (see, for example, work [83] for semiconductor 
materials), rather than doping them with magnetic ions. In carbon-
based materials and structures, the formation of spin subsystem on 
paramagnetic centers (i.e., even in the absence of magnetic ions in 
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the samples) was predicted theoretically in [84–89] and discovered 
experimentally in [90–97] as observation of magnetization moment
M due to ferromagnetic ordering of spins on paramagnetic centers. In 
particular, open-loop ferromagnetism was observed in highly oriented 
pyrolytic graphite (HOPG) at 5 and 300 K, which was attributed to 
localized electron states at the grain boundaries of HOPG, forming two-
dimensional arrays of point defects [93]. In pyrolytic carbon, positive 
magnetization was recorded up to 800 K [98]. In graphene, super-
paramagnetism was observed at room temperature based on graphene 
quantum dots [95]. The example of our assessment of the 𝑀(𝑇 ) curve 
from the 𝑀𝑅(𝐵) dependences using relation (14) is presented in the 
inset of Fig.  7a. The observed linear dependence 𝑀(𝑇 ) ∼ 𝑇  with 
increasing temperature seems unusual, since it would be more logical 
to either remain constant (as, for example, in a ferromagnet below the 
Curie temperature) or decrease the 𝑀(𝑇 ) with increasing temperature 
(due to spin disordering by lattice ions vibration). However, the same 
linear increase of 𝑀(𝑇 ) in pyrolytic carbon, as well as in hydrogenated 
multilayer graphene has been reported in the literature [98,99].

Let us consider the possible nature of the occurrence of such a 
magnetic moment, which increases with temperature growth. One of 
the possible mechanism for the occurrence of local magnetic inclusions 
due to, for example, the formation of a magnetic polarons, was de-
scribed in [99]. As shown above, sample CBNL20 has an activation 
component of conductivity. Due to the strong electron–ion interaction, 
electrons drift in an electric field being surrounded by a cloud of 
positive charges of lattice ions with their spins, that just means the 
emergence of a magnetic polaron. When the magnetic moments in 
this cloud become oriented under the influence of a magnetic field, 
the polaron can be considered as a kind of particle with a relatively 
large magnetic moment. The increase in the magnetic moment with 
increasing temperature can be associated with the overlap of several 
neighboring magnetic sections (magnetic polarons) into one system. 
Additional possible mechanism for the formation of magnetic ordering 
can be the indirect RKKY (Ruderman–Kittel–Kasuya–Yoshida) exchange 
interaction between paramagnetic ions, carried out through intrinsic 
conduction electrons. The presence activation component of conduc-
tivity in CBNL samples can lead to an increase in the number of 
conduction electrons with increasing temperature, which can enhance 
the RKKY exchange interaction and, as a consequence, the growth of 
magnetic moment with temperature. It is also worth mentioning that 
an increase in magnetization with increasing temperature is possible in 
Neels theory of ferrimagnetism [100,101].

The mentioned above means that the appearance in the carbon-
based structure of inhomogeneities (inclusions) with a strong ferromag-
netic spin interaction leads to a number of important consequences. 
In particular, when a perpendicular magnetic field is applied to the
CBNL20 sample plane, there are most likely two components of NMR
effect: due to QCs (for WL conditions) in low (not higher than 0.5 
T) magnetic fields and of the mechanisms of electron scattering by 
localized magnetic moments in 𝐵 up to 8 T. To these contributions, the
PMR effect is added as a result of the influence of the Lorentz force 
on the drift of charge carriers. With this approach, the behavior of 
conductivity in perpendicular a magnetic field can be described as a 
sum of the indicated mechanisms: 
𝜎 = 𝜎WL + 𝜎M + 𝜎Lor, (21)

where 𝜎WL is quantum corrections contribution described by model 
(17), 𝜎M – contribution due to electron scattering by localized magnetic 
moments (model (14)), and 𝜎Lor – Lorentz-like contribution (model 
(23)). As a result, the formulae (21) can be transformed to the relation:

𝜎(𝐵) = 𝜎0 +
𝑒2

𝜋ℏ

[

ln
(

𝐵
𝐵𝜙

)

+ 𝜓
(

1
2
+
𝐵𝜙
𝐵

)]

+
𝜎𝑀0

1 −
(

𝐶 ⋅
(

coth
(

𝜇∗𝐵
)

− 𝑘𝐵𝑇
))2

+
𝜎𝐿𝑜𝑟0

1 + 𝜇2𝐵2
, (22)
𝑘𝐵𝑇 𝜇∗𝐵
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Fig. 8. Dependence of sheet conductivity 𝜎□(𝐵) of the CBNL20 sample on the 
magnetic induction (curve with black dots) and its approximation by formula 
(22) (red curve) for 𝑇 = 6 K. The magnetic field orientation is normal to the 
sample plane.

where 𝜎0, 𝜎𝑀0, 𝜎Lor are related contributions to conductivities in 𝐵 = 0. 
Note that the second term in the relation (21) is the value of quantum 
correction in 𝐵 ≠ 0.

Fig.  8 shows, as an example, the experimental curve of sheet con-
ductivity versus magnetic field 𝜎(𝐵) at a temperature of 6 K for a 
perpendicular orientation of the magnetic field relative to the plane 
of the CBNL20 sample and its approximation by relation (22). This 
behavior of the 𝜎(𝐵) curves turned out to be characteristic for all tem-
peratures studied and takes into account contributions from the quan-
tum corrections, scattering by magnetic-like centers and the Lorentz 
mechanism of MR(B). The fitting parameters values estimated from 
model (22) gave a rather wide set of physically acceptable values with 
close errors. For example, the range of acceptable values of charge 
carrier mobility and characteristic field of phase breaking was in the 
range 𝜇 = 0.1 ± 0.1 m2/(Vs) and 𝐵𝜑 = 0.02 ± 0.01 𝑇  respectively. Such 
a scatter of the sought fitting parameters does not allow us to give an 
unambiguous conclusion about the nature of the processes occurring 
in the sample both when the magnetic field and temperature change. 
Nevertheless, the very fact of the presence of magnetic inhomogeneities 
(inclusions) and their influence on the dependences 𝜎(𝐵, 𝑇 ) can be 
considered proven.

As described earlier, when a magnetic field is applied along the
CBNL40 sample at temperatures below 10 K, a PMR effect is observed 
(Fig.  5d) with features characteristic of the Lorentzian mechanism. The 
absence of the NMR effect in this sample with in-plane (𝐁) orientation 
most likely indicates the disappearance or strong weakening of the
MR(B) contribution due to spin-dependent scattering of charge carriers, 
which was characteristic of the CBNL20 sample. Possible reasons for the 
disappearance of this mechanism will be discussed below.

Let us recall that, as earlier presented when analyzing the tempera-
ture dependences of conductivity, the CBNL40 sample shows not only 
2D, but also 3D behavior of quantum corrections to the Drude conduc-
tivity. The latter indicates a transition from the quasi-2D behavior of the 
thinner CBNL20 sample (≈20 nm thick) to the mixed 2D/3D behavior 
for the CBNL40 sample with a thickness of ≈35 nm. Manifestations of 
the Lorentzian-like PMR contribution to the MR(B): 
𝑀𝑅(𝐵) = 𝜇2𝐵2, (23)

measured along the plane of the sample, allows one to estimate the 
mobility of charge carriers 𝜇 [37,102]. Examples of experimental and 
approximation curves MR(B) at 𝑇 = 2 K and 𝜇(𝑇 ) at 2 < 𝑇 < 10 K for 



A.A. Kharchanka et al. Next Materials 9 (2025) 101081 
Fig. 9. Dependence of the relative magnetoresistance 𝑀𝑅(𝐵) = [𝑅□(𝐵, 𝑇 ) −
𝑅□(0, 𝑇 )]∕𝑅□(0, 𝑇 ) on magnetic induction for the CBNL40 sample measured 
at 𝑇 = 2 K (points) and its approximation by model (23) (red curve). The 
magnetic field orientation is parallel to the sample plane.

the sample CBNL40 with in-plane 𝐁 orientation are shown in Fig.  9 . 
Approximations of MR(B) at all temperatures in the range from 2...10 K 
are given in Supplemental Material C. As can be seen from the solid red 
curve in Fig.  9 (inset), in the temperature range 2...10 K the dependence 
𝜇(𝑇 ) is well described by the relation 

𝜇 =
4𝑒𝓁𝜏0

3
√

𝜋(𝑚∗)0.5𝑘0.5𝑏
𝑇 − 3

2 , (24)

which, according to [37] corresponds to the scattering of carriers 
by phonons, however, this requires additional evidence due to the 
peculiarities of conductivity for interplane motion in graphite. Here 
𝑚∗ is the effective mass of the electrons, l is the mean free path of 
the conduction electron, 𝜏0 is the relaxation time. The deviation of 
𝜇(𝑇 ) from relation (24) at 𝑇 < 3 K correlates with the tendency 
for the 𝜎(𝑇 )∕𝜎0 curve to reach saturation on a semi-logarithmic scale 
(𝜎(𝑇 )∕𝜎0−Lg(𝑇 )) at the same temperature in the inset to Fig.  4b above. 
As noted earlier, this effect is most likely due to the fact that in 
polycrystalline samples the 𝓁 value tends to the size of the conducting 
grains when temperature decreases [55,82], so that the mobility ceases 
to depend on temperature.

The behavior of the 𝑀𝑅(𝐵) curves for out-plane orientation of 
the magnetic field for the CBNL40 sample also differs significantly 
from the behavior of those for the CBNL20 sample. This, in partic-
ular, is manifested by the lack of a noticeable contribution of PMR
to magnetoresistance and the shift of MR(B) curves, where NMR is 
observed, to the region of stronger magnetic fields. Fig.  10a, shows 
the corresponding approximations of the experimental curves MR(B)
by the above-described models at T  = 6 K (the approximation for 
all temperatures and at all models is given in Supplemental Material 
C, Figure C.7...C.9. Corresponding coefficients of determination (𝑅2) 
for approximating the 𝑀𝑅(𝐵) in the temperature range 2...300 K for 
sample CBNL40 are given in Fig.  10b.

At the same time, it should be noted that almost all of the mentioned 
models are, to a rough approximation, capable of describing experimen-
tal curves, but in different temperature ranges. For example, models 
(15) and (16) describe the behavior of 𝑀𝑅(𝐵) relatively well at low 
temperatures, but poorly describe them at high temperatures. Other 
10 
models (e.g. (7), (8), (10), (11) and (14)), on the contrary, correspond 
to better 𝑅2 values at higher temperatures.

Over the entire temperature range studied, the experimental 𝑀𝑅(𝐵)
curves are described better by models (6) and (18), as can be seen 
from Fig.  10. However, the values of the parameter 𝐵𝜑, extracted 
from relation (18) and presented in the inset to Fig.  10a, when ap-
proximating 𝑀𝑅(𝐵) curves for the CBNL40 sample, turned out to be 
noticeably higher than those usually given in the literature for carbon 
materials. To explain the nature of the overestimation of the 𝐵𝜑 and 
other unusual features of the behavior of the studied CBNL samples, a 
phenomenological model is presented below that links the 𝑀𝑅(𝐵) and 
𝑀𝐶(𝐵) curves to their structure.

3.4. Phenomenological model for explanation of  MR (B) and MC(B) 
behavior in carbon-based nanolayers

Our study of the temperature and magnetic field dependences 
of conductivity allows us to describe phenomenologically the main 
changes in charge carrier transport features in CBNL structures with 
the evolution of their morphology and atomic structure.

As noted above, SEM images of samples deposited for 20 and 40 min 
showed the absence of developed percolation structures characteristic 
of vertical graphene (VG). As a result, the surface of samples CBNL20 
and CBNL40 has a fairly uniform structure with the presence of a large 
number of unconnected island-nuclei of the future VG phase, close 
to elliptical in shape, which nucleate on the surface of a continuous 
nanographite sublayer (see, Fig.  1). It can be seen that increasing the 
growth time to 40 min leads to both an increase in the thickness of 
the nanographite sublayer from ≈20 nm (CBNL20, Fig.  2a) to ≈35 nm
(CBNL40, Fig.  2b), and to an increase in the size of elongated ellipsoidal 
nuclei. At the same time, as it turned out, the concentration of islands 
(nuclei of VG phase) decreased approximately 5 times from 2.5 ⋅ 1010

cm−2 to 5.4 ⋅ 109 cm−2 for samples CBNL20 and CBNL40, accordingly.
Let us remind the known from the literature model of the nucleation 

and growth of the VG phase with increasing time of PECVD synthesis 
of CBNL. As noted earlier in [53], initially, when CH4 is inserted 
into the reactor, various free carbon and hydro-carbon species are 
generated via CH4 easy conversion to CH𝑥 (x = 1...3) radicals through 
radicals’ recombination due to C2 dimers production and subsequent 
dissociation. The reactive carbon dimers (C2) are believed to play an 
important role especially for the formation of critical nuclei and later 
growth of VG phase. These active species are adsorbed onto energeti-
cally most favorable regions on the substrate starting the nucleation of 
nanographitic (NG) domains. As these domains grow, they coalesce and 
form particularly defective continuous interfacial nanographitic base 
layer containing a-C, carbon onions, pentagon- and heptagon-like rings, 
and other defects. Then secondary nucleation starts and hereafter the 
growth of vertically aligned graphene flake-like nanostructures gener-
ally at the defected sites of the NG base layer. During the synthesis, 
H atoms simultaneously act as an effective etchant rapidly removing 
undesirable amorphous phases, weaker 𝑠𝑝3 hybridized carbon bonds, 
and equally extracting bonding atoms from the gas-phase radicals, 
promoting the crystalline graphitic structure and the sharp edges in the 
layers. Adsorbed carbon atoms form strong C–C covalent bonds at the 
edges of VG phase and weak van der Waals bonds between graphite 
layers, which are constantly bombarded by atomic H.

At the same time, it is shown in [103] that during the synthesis 
of VG in a buffer nanographite sublayer, a thin layer can be formed 
consisting of substrate and carbon atoms mixed together, which leads to 
matching the lattice parameters of the substrate and the nanographite 
sublayer [103,104]. After this, according to [53,103,104], graphite 
layers grow parallel to the surface of the substrate, and defects on 
which the VG phase nucleates appear during the deposition process 
due to the effects of the sprayed gas [103] (Fig.  11c). Thus, taking into 
account the schematic images of the VG phase growth, previously given 
in works [103,104], the structure of samples CBNL20 and CBNL40 can 
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Fig. 10. (a) Dependences of the relative magnetoresistance 𝑀𝑅(𝐵) = [𝑅□(𝐵, 𝑇 ) − 𝑅□(0, 𝑇 )]∕𝑅□(0, 𝑇 ) of the CBNL40 sample measured at 𝑇 = 6 K (points) and 
its approximations by models (14), (15) and (17). (b) Determination coefficient (𝑅2) when approximating the magnetic field dependences 𝑀𝑅(𝐵) and 𝑀𝐶(𝐵)
of the CBNL40 sample with models (6), (7), (10), (14), (15), (16) and (18) in the temperature range 2...300 K. The magnetic field orientation is normal to the 
sample plane.
Fig. 11. Schematic representation of the structure of CBNL20 (a) and CBNL40 
(b) samples in cross section and (c) – TEM of the interface between the VG
and the Si substrate [103].

be represented as shown in Fig.  11. At the first stages (short times) of 
deposition, a thin buffer layer 2 is formed on the substrate 1, consisting 
of substrate and carbon atoms mixed together. A nanographite sublayer 
3 is formed on this layer, which is the main conducting agent in our 
experiment. On defects in the nanographite sublayer (most likely these 
are the boundaries of nanographite crystallites), the VG phase nuclei 
are formed 4. It should be noted that in the nanographite sublayer of 
sample CBNL20 in Fig.  11a, a large number of point defects appear 
between small ellipse-like nuclei of future VG phase 5. The latter 
act as paramagnetic centers on which spin-dependent scattering of 
charge carriers occurs. After this, with an increase in the synthesis 
time (i.e., when the CBNL40 sample is grown), a part of these point 
defects between the nucleating islands disappear under the influence 
of H atoms, but most likely remain either inside the VG phase or at the
VG phase/CBNL interfaces. Let us recall that the concentration of the
VG phase in this sample decreases by approximately 5 times. Therefore, 
the upper part of the nanographite sublayer 3 in the CBNL40 sample 
(see region 3 in Fig.  11b), formed at times exceeding 20 min between
VG phase islands, has a more perfect crystal structure, which ensures 
an increase in the observed conductivity.
11 
Based on the structural model shown in Fig.  11, it is possible to 
formulate a phenomenological model linking the observed effects of 
carrier transport with the proposed description of the structure of the 
samples. This model is drown up in Figs.  12 and 13 (for CBNL20 and
CBNL40 respectively) in form of some schematic diagrams of the charge 
carrier drift (in form of current trajectories) along the graphite sublayer 
in zero magnetic field (Fig.  12a and b and 13a and b) and in magnetic 
fields with in-plane (Fig.  12c and d and 13c and d) and out-plane (Fig. 
12e and f and 13e and f) orientation relative to the sample plane.

As noted earlier, in the CBNL20 sample two main mechanisms 
are responsible for the temperature dependence of conductivity 𝜎(𝑇 ): 
two-dimensional quantum corrections that describe the interference 
contribution to the Drude conductivity under conditions of weak lo-
calization, and the activation mechanism, which makes a noticeable 
contribution only at relatively higher temperatures (150...300 K). Mag-
netotransport of charge carriers in CBNL20 depends on the orientation 
of the magnetic field relative to the sample plane. Thus, with a per-
pendicular (out-plane) orientation of the magnetic field in this sample, 
three contributions to the magnetoresistance (MR) are observed: from a 
two-dimensional quantum correction (I), from scattering on (para)mag-
netic defects (II) and due to the Lorentz mechanism (III). With the 
longitudinal (in-plane) orientation of vector 𝐁, the quantum correction 
and the Lorentz mechanism of 𝑀𝑅(𝐵) does not appear in the CBNL20 
sample due to the impossibility of deflecting charge carriers under the 
influence of Lorentz force in out-plane oriented 𝐁 vector relative to the 
sample plane due to the small thickness of the latter. At the same time, 
the mechanism (II) of scattering on the spins of paramagnetic defects 
manifests itself in the form of NMR effect observation.

According to this model, the movement of carriers from one elec-
trical contact to another current lines J along nanographite sublayer 
2 under the influence of an electric field in CBNL20 sample in zero 
magnetic field (Fig.  12a and b) are controlled by trajectories consisting 
of three types of images. Trajectory sections of type 4 (Fig.  12b) 
correspond to the diffusion of charge carriers along circular (or self-
intersecting) trajectories, which is described by the Aronov–Altshuler 
theory of quantum corrections in weak localization (WL) conditions. 
Sections of current lines of type 7 symbolize the enveloping of current 
trajectories J around the most defective areas (type 3) of the graphite 
sublayer under VG phase islands with strong magnetic moments (Fig. 
12b). Sections of current lines in the vicinity of centers of type 6 
symbolize the interaction of electrons with chaotically located single 
paramagnetic centers 6 (Fig.  12a and b).

When the sample CBNL20 is introduced into a longitudinal magnetic 
field (Fig.  12c and d) the trajectories of type 4 from WL effects remain, 
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Fig. 12. Schematic representation of the transport of charge carriers in sample CBNL20 without a magnetic field (a,b) and in a magnetic field with in-plane (c,d) 
and out-plane (e,f) orientations of vector 𝐁.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
while scattering on type 6 paramagnetic centers should decrease due to 
the alignment of spins along the lines of magnetic flux 𝛷 (it manifests 
itself in observations of NMR effect). Note that the shift of electrons 
normally to the plane of this sample under the influence of Lorentz 
force is impossible for this case due to small thickness of the sample, 
which leads to the absence of cycloidal sections of current lines in Fig. 
12c. For out-plane orientation of the 𝐁 vector (Fig.  12e and f), the 
WL effects are destroyed at 𝐵 < 200 mT and self-crossing trajectories 
4 must disappear (Fig.  12f), scattering on paramagnetic centers 6 is 
weakened (for both cases we observe the PMR effect). But the deflection 
of charge carriers under the influence of the Lorentz force appears in 
form cycloid-like parts 5 of trajectories in Fig.  12f with observation of
PMR effect. Type 7 trajectories due to rounding of VG phase islands by
J trajectories (Fig.  12f) will be discussed below.

Now discuss transport carrier in terms of the proposed phenomeno-
logical model for the case of CBNL40 sample that is presented in Fig. 
13. Begin this discussion since noting the two most important features 
of magnetoresistivity (MR)/ magnetoconductivity (MC) dependences 
for the thicker nanographite sublayer 2. Firstly, the manifestation of 
mechanism (II), attributed above by us for CBNL20 sample to the 
scattering of charge carriers on the spins of single paramagnetic centers 
6 in Fig.  12, which disappears in the CBNL40 sample. Secondly, for 
out-plane orientation of 𝐁 vector, the MR(B) curves correspond to the 
WL model, but manifests itself in fields noticeably greater than those 
predicted by the Aronov–Altshuler theory. We interpret the reasons 
of these inconsistencies with the theory by the formation of local 
clusters of paramagnetic centers under island-like VG-phase region 
in the CBNL40 sample with strong ferromagnetic moments M which 
are capable of drawing in (introvert) magnetic flux. This inhomoge-
neous redistribution of magnetic flux 𝛷 by the conductive carbon layer 
plane, presented schematically in Fig.  13e results in enhancing the 
magnetic field B over the VG phase islands (in the vicinity of these 
‘‘magnetic’’ spin-enriched clusters with strong M) and weakening of B
values between the nuclei islands of VG phase. As a result, these regions 
behave theirselves differently in electric sense than those in the CBNL20 
sample.

To understand this case in more details, we recall that in SEM
images formed by reflected electrons, islands are present in the form 
of contrasting light areas (Fig.  1). The white color of the latter against 
the background of dark gray areas of the nanographite sublayer may 
indicate the accumulation of charge on these VG phase islands. This, 
12 
in turn, may indicate a weak electrical interaction between these spin-
enriched clusters and the general conducting nanographite sublayer, 
which prevents charge drainage from them. The above allows us to 
attribute the bright island-like areas in the SEM images in Fig.  1 to 
those highlighted in Fig.  13 (type 3) by ‘‘magnetic’’ clusters isolated 
from the general electrically conductive layer. In our opinion, it is the 
more coarse island-like nuclei of the VG phase in the CBNL40 sample 
that are responsible for the retraction of the magnetic field, which is 
schematically depicted in Fig.  13e.

Therefore, summarizing the above mentioned, we can state that the 
described inhomogeneous distribution of the magnetic flux means that 
in the CBNL40 sample the islands and the parts of the nanographite 
sublayer between them are affected by magnetic fields of different 
magnitudes. This allows to give a consistent schematic explanation of 
carrier transport in CBNL40 sample as in zero magnetic field (Fig.  13a 
and b) and in a magnetic field lying parallel (Fig.  13c and d) and 
perpendicular (Fig.  13e and f) to the plane of the sample. Thus, the 
movement of charge carriers from one electrical contact to another in 
zero magnetic field (Fig.  13a and b) is described by the presence of 
self-crossing trajectories of type 4 due to WL effects (Fig.  13b). In this 
case, the current lines 7 bend around islands of the VG phase (Fig.  13b), 
which were possibly observed in the CBNL20 sample too (Fig.  12b). 
When the sample is under subjection of in-plane oriented magnetic 
field, the bending of current trajectories around VG-phase islands (type 
7) and WL effects (type 4) are preserved (Fig.  13d), while in the region 
of low temperatures the PMR effect is observed due to the possibility of 
carriers moving perpendicular to the sample plane under the influence 
of Lorentz force (type 5 in Fig.  13c).

For out-plane orientation of the magnetic field (Fig.  13e and f), 
WL effects are suppressed (we observe NMR effect), and the bending 
of current trajectories 7 around the VG islands is persists. In addition 
note that in this case it becomes possible to deflect carriers under 
the influence of the Lorentz force (type 5 trajectories in Fig.  13f), 
which should lead to the observation of the PMR effect, however, in 
this experiment the PMR effect is not observed. Consequently, in the 
perpendicular magnetic field, the local redistribution of the magnetic 
flux 𝛷 (Fig.  13e) manifests itself in the seeming displacement of the 
effect NMR from the WL contribution to the region of significantly 
larger fields and the lack of observation in our measurements of the
PMR effect.
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Fig. 13. Schematic representation of the transport of charge carriers in sample CBNL40 without a magnetic field (a,b) and in a magnetic field with in-plane (c,d) 
and out-plane (e,f) orientations of vector 𝐁. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
Growth of the thickness and change of structure of the CBNL40 
sample due to an increase in growth time leads to a significant transfor-
mation of both the temperature and magnetic field dependences of the 
resistivity (conductivity). In particular, an increase in the thickness of 
the carbon sublayer in this sample allows the movement (deflection) 
of charge carriers in the direction perpendicular to its plane under 
the influence of Lorentz force in an in-plane oriented magnetic field, 
which leads to the action of the mechanism (III) manifested as the
PMR effect. In addition, in this case, when measuring the temperature 
dependence of conductivity, in addition to the interference WL and 
activation contributions, the existence of three-dimensional quantum 
corrections to conductivity was also revealed.

It should be noted that the assumption of non-uniform (focused) 
distribution of magnetic flux 𝛷 is a hypothesis, without which it is 
impossible, in our opinion, to consistently describe the entire complex 
of the above effects. We understand that this hypothesis requires exper-
imental confirmation or refutation. To do this,we plan to subsequently 
measure the magnetic characteristics of the samples (study the depen-
dences of magnetization on the magnetic field and temperature), to 
make magnetic force microscopy, to study the Hall effect, and conduct 
additional studies on a series of samples with a smaller step of growth 
time when occur the VG phase nucleation.

4. Conclusions

Structure and electrical properties of carbon-based nanolayers
(CBNL) prepared by PECVD method on fused silica substrates were 
studied. Two series of samples have been grown at deposition time of 
20 min (CBNL20) and 40 min (CBNL40). It was observed by Raman 
spectroscopy and scanning electron microscopy that the formed CBNL
consist of a sublayer of graphite on substrate (with 20 and 35 nm thick 
for CBNL20 and CBNL40, respectively) covered with non-overlapping 
randomly distributed ellipse-like islands (nuclei) of future vertical 
graphene (VG) phase having mean values of long/short ellipse axes 
∼4.2∕2.6 nm and ∼10.5∕6.1 nm and nuclei densities ∼2.5 ⋅ 1010′ cm−2

and ∼5.4 ⋅ 109′ cm−2 for CBNL20 and CBNL40, respectively. On the 
samples obtained, the temperature dependences of the sheet electrical 
resistivity/conductivity 𝜌(𝑇 ,𝐁)∕𝜎(𝑇 ,𝐁) at 2 ≤ 𝑇 ≤ 300 K and magnetic 
fields 0 ≤ 𝐵 ≤ 8 𝑇  were studied.

It has been established that in the quasi-two-dimensional (2D)
CBNL20 sample, two main mechanisms are responsible for 𝜎(𝑇 ) ∶ 2𝐷
quantum corrections (QCs) to the Drude conductivity due to weak 
localization (WL) effects and the activation mechanism, which makes a 
noticeable contribution only at relatively high temperatures (150...300 
13 
K). With a perpendicular (out-plane) orientation of the 𝐁 vector in 
this sample, 3 contributions to the magnetoresistance are observed: 
from the 2D QCs (I), from scattering by (para)magnetic inclusions 
and defects (II) and the Lorentz-like mechanism (III). The nature of 
mechanism (II) is most likely due to defects in the carbon structure like 
grain boundaries in the nanographite sublayer, dangling bonds at the 
interface between the graphite sublayer and the nuclei of the future VG
phase and other paramagnetic centers with uncompensated spins. In the 
case of the in-plane oriented magnetic field, the QCs and the Lorentz 
mechanism of magnetoresistance 𝑀𝑅(𝐵) do not appear in this sample 
due to the impossibility of deflecting charge carriers in the direction 
perpendicular to the sample plane due to lower thickness. At the same 
time, the mechanism of scattering by spins (II) is preserved.

An increase in the thickness of the carbon sublayer in the CBNL40 
sample allows the movement (deflection) of carriers in the direction 
perpendicular to the sample plane under the influence of an in-plane 
oriented magnetic field, which leads to the manifestation of mechanism 
(III) in the form of the Lorentz PMR effect. Besides, when measuring 
the 𝜎□(𝑇 ), in addition contributions from 2D-WL effect and the band 
(activation) mechanism of conductivity, we observed the appearance 
of the contribution from 3D QCs. We also note that the manifestation 
of the NMR effect associated with mechanism (II) is not observed of
CBNL40, which is due to a decrease in the concentration of single 
paramagnetic centers between the VG phase islands. Another feature 
of the CBNL40 sample is that with a perpendicular orientation of 
the induction vector 𝐁, the dependence 𝑀𝑅(𝐵) follow the theory of
QCs (I) but in fields noticeably greater than those predicted by the 
Aronov–Altshuler theory and with greatly overestimated values of the 
parameter 𝐵𝜑, which characterizes the phase breaking of the electron 
wave function during scattering.

To explain the observed inconsistencies between theory and exper-
iments we propose a phenomenological model, which considers the 
evolution of the samples structure with growth of conductive graphite 
sub-layer thickness due to increasing PECVD deposition time. This evo-
lution results in appearance of clusters with the enriched concentration 
of paramagnetic centers (and strong ferromagnetic moments, accord-
ingly) under nuclei of VG phase in CBNL40 sample. These ‘‘magnetic’’ 
clusters in the CBNL40 sample result in concentration of magnetic flux 
𝛷 in island-like nuclei of VG phase. The described inhomogeneous dis-
tribution of the magnetic flux means that the islands and the parts of the 
nanographite sublayer between them are affected by magnetic fields of 
different magnitudes: enhanced magnetic field 𝐵 over the VG phase 
islands (in the vicinity of these ‘‘magnetic’’ spin-enriched clusters with 
strong M) and weakened 𝐵 values between the nuclei-islands of VG
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phase. Such redistribution of magnetic field values among other things, 
manifests itself in the seeming displacement of the effect NMR from the
WL contribution in the perpendicular field to the region of significantly 
larger fields and the lack of observation in our measurements of the
PMR effect.

Thus, the article describes the main features of charge carrier trans-
port in carbon structures obtained at the initial stages of growth of 
vertical graphene formed by PECVD. A possible explanation is given 
for the manifestation of the anomalous magnetoresistive effect (AMR) 
in external fields above 1 𝑇  in carbon materials. For the relatively thin 
sample CBNL20, AMR most likely involves scattering of charge carriers 
at magnetic centers. For CBNL40, we propose an alternative phe-
nomenological explanation of the possible reason for the observation of 
the NMR effect in external fields above 1 T, formally described within 
the framework of the WL quantum corrections theory. Within the 
framework of this model, a non-uniform distribution of the magnetic 
flux density over the area of the sample is assumed: its concentration in 
the clusters of the carbon layer having strong magnetic moment (due to 
strong concentration of paramagnetic defects) and its sharp weakening 
between these clusters.
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