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Negative magnetoresistance in high magnetic fields in a carbon
nanostructure obtained by PECVD
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The negative magnetoresistance effect (NME) is investigated in quasi-two-dimensional graphite layers on the
surface of which the island-like nuclei of vertical graphene (VGN), containing a high density of paramagnetic
defects (PMC) with uncompensated spins, were formed. A hypothesis is proposed for a possible reason for the
NME observation, which is formally described by the theory of quantum corrections to the Drude conductivity
with the magnetic field oriented perpendicular to the layer plane. The model is based on the assumption that the
magnetic flux ® is distributed non-uniformly along the plane of the C-layer due to the fact that the islands of the
VGN phase contain a high density of PMC with uncompensated spins. Ferromagnetic regions are induced in the
vicinity of the PMC clusters due to the parallel alignment of spins on the PMC due to the exchange interaction. It
is assumed that the described redistribution of the magnetic flux ® should lead to its concentration in the regions of
the location of the islands-nuclei of the VGN phase and its significant weakening (rarefaction) between the islands.
This explains the apparent observation of the OMR effect described by the theory of quantum corrections at high
values of the external magnetic field B given by the superconducting solenoid (up to 8 T), although in reality most
of the conducting C-layer is in a significantly weakened field..
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1. Introduction

The literature has abundance of scientific studies that
are dedicated to producing graphite- and graphene-like
nanostructures and studying a relation between a structure
and many application properties (see [1-9] and others
and references therein). However, this relation is still
incompletely understood in relation to electrical properties
of the graphite-like nanostructured materials. One of
these problematic issues is the nature of the origin of the
negative magnetoresistive (NMR) effect in some carbon-
based materials. In many studies (see, for example, studies
on graphite and a polycrystalline single- and multi-layer
CVD graphene [10,11], etc.) this effect is interpreted based
on an Altshuler-Aronov theory of quantum corrections (QC)
to Drude conductivity ([10], etc.), which are induced by
dephasing of electron wave functions when they move
under the conditions of the so-called weak localization
(WL). However, this interpretation does not take into
account that the quantum corrections shall be suppressed
already in the weak magnetic fields according to the theory
(at most 50—100 mT). Therefore, it is entirely correct to
use this model to explain existence of the NMR effect in the
much stronger magnetic fields (including from 1 to 8 T). The
second problem is an influence of the magnetic properties
on charge carrier transport in some carbon-based structures.
It is theoretically predicted in [11,12] that magnetic centers

are formed even without the magnetic ions in the samples,
which was experimentally found later in the studies [13-15].

The article proposes a hypothesis that explains possible
causes of observation of the NMR effect in the external
magnetic fields above 1T, which is formally described
within the framework of the theory of WL quantum
corrections. Within the framework of this hypothesis, it
is assumed that a density of the magnetic flux ® is highly
inhomogeneously distributed over the sample area, if the
latter includes areas (including nanoscale ones), which have
a large concentration of the paramagnetic centers (PMC)
with uncompensated spins. As a result, these areas can have
a high ferromagnetic moment even without ferromagnetic
ions due to the parallel alignment of spins on the PMCs
by the exchange interaction. This situation can result, for
example, in a high concentration of the magnetic flux within
the said hypothetical clusters and its sharp attenuation
between these clusters.

Specific features of magnetic transport in the described
conditions are interesting both in terms of a correct under-
standing of the WL effect as an well as indirect confirmation
of the formation of magnetic inclusions without using
magnetic alloying elements in thin carbon layers. A research
object included graphite layers of the thickness of 35nm
that were produced at the initial stages of synthesis of
the so-called vertical graphene nanosheets (VGN) [15-17].
According to the studies [18-21], at a certain stage of
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synthesis breaks of this layer exhibit nucleus islands of the
future VGN phase with the increased defect concentration.
These defects can be the PMCs with uncompensated spins
and act as a source of induced ferromagnetism.

2. Methodology

The studied structure was grown by microwave-plasma-
enhanced chemical vapor deposition (PECVD) in an Inno-
vative Plasma Systems GmbH IPLAS [18-20] installation.
The time of carbon deposition onto the substrate for these
samples was selected based on the current understanding
of the formation process of the VG-structures, which are
formulated in the studies [16,17,22], when the first stage of
deposition produces the ,,nuclei” of the nanographite phase.
At the second stage, these ,,nuclei” grow and merge into a
thin locally-damaged graphite sublayer that fully covers the
substrate. At the third stage, the islands of the VGN phase
are nucleated in the most damaged areas of this sublayer.
At the fourth stage of growth, a vertical graphene-like VGN
structure that is perpendicular to the substrate is formed.
According to the formulated task, the PECVD growth was
stopped at the third stage in the presented study for the
charge carrier transport investigation of the graphite sublayer
at the initial (island) stage of VGN nucleation.

The sample surface was studied using a scanning electron
microscope (SEM) FEI Quanta 200 FEG with resolution
of 1.2nm, which included a field electron emission source
in the Schottky-type electron gun. SEM images in a cross
section were obtained using a two-beam system Helios
Nanolab 650 [18-20].

Temperature and magnetic-field dependences of layer
electrical resistance R and conductivity o were measured
within the temperature range 2 < 7 < 300K in a noncryo-
genic measurement system (Cryogenics Ltd, Great Britain)
based on a closed-cycle refrigerator [20,23,24]. The relative
magnetoresistive effect was determined by the following
relationship MR(B) = [Ro(B, T)—Rx(0, T)]/Rn(0, T).

3. Results

The SEM images of the surface and the cross section
are shown in Figure 1 (see also [18-20]). As it is
clear in Figure 1,5, the surface is a quite homogeneous
structure with a lot of non-overlapping bright areas of the
sizes of up to 20—30nm. As it is clear from transverse
cleavages in Figure 1,a, according to the above-described
growth diagram, the sample includes a nanographite buffer
C-sublayer of the average thickness of about 35 £+ 5nm, on
which the islands of the future VGN-phase are randomly
distributed without overlapping.

Prior to starting measurements of the temperature depen-
dences of conductivity (resistance), current-voltage charac-
teristics of the sample were measured at the temperatures
of 2 and 300K (the curves I and 2, respectively, in the inset
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Figure 1. SEM images of the cross section (a) and the surface (b)
of the sample in the backscattered electron mode.

of Figure 2). The latter were linear [20], thereby indicating
ohmic properties of used electrodes.

The temperature dependence of layer conductivity
(oa(T)) is shown in Figure 2. The experimental curve
(dots) can be described within the framework of QCs to
Drude conductivity in the conditions of superposition of
the two-dimensional (2D) and three-dimensional (3D) WL
corrections [25]:

on(T) = op(T) — (GOLn<T¢T%T()T))>2D

_ (const3D — Gy (DT(,,3D(T))_1/2) (1)

3D’
where op is Drude conductivity, T is the temperature, 7 is
a time of relaxation of electron momentum under elastic
scattering, 7, is a time of relaxation of the electron wave
function (the dephasing time), D is an electron diffusion
constant, Go = ez/(ﬂh) ~ 1.23-107°Q!, ¢ is the electron
charge, h is the Planck constant.

It is known [26] that 7, follows a power-law temperature
dependence, 7, = AT ~? type, where A is a proportionality
constant and the value of the exponent p is determined
by a mechanism of charge carrier scattering in the WL
conditions. In this case, the equation (1) is written as:

AypT P
O'D(T) = O'D(T) — G() LH<W>

— constzp + Go(DA3DT_p3D)_1/2, (2)

where pop and p3p are parameters p for the 2D and 3D
WL corrections, respectively.

Assuming that o weakly depends on the temperature
and taking into account that 7, > 7, it follows that a
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Figure 2. Temperature dependence of layer conductivity of the
sample (the black dots) and its approximation by the formula (3)
(the red curve). The inset includes current-voltage characteristics
at the temperature of 2 (/) and 300K (2).

change of the temperature dependence of conductivity
will be mainly contributed by the dependence 7,(T).
If conductivity components that weakly depend on the
temperature are designated as

oo = op(T) + GoLn(r) — Gy Ln(A) — constsp,

then the temperature dependence of conductivity in the WL
conditions will be written as:

o(T) =09+ papGoLn(T) + \/DTDG% TPw/2. (3)

It is clear from Figure 2 that the experimental data
are well described by the equation (3) (the red curve in
Figure 2) with an exponent pyp =1 and p3p = 1, which
correspond to a mechanism of elastic scattering by impuri-
ties [26]. At the same time, the prevailing mechanism that
is responsible for the temperature change of conductivity is
a contribution by the two-dimensional quantum correction
(the second summand in the relationship (3)).

The mechanisms of conductivity were refined by ad-
ditionally studying the relative magnetoresistive effect in
the longitudinal and the transverse magnetic field. Within
the temperature range up to 10K and with longitudinal
orientation of B in relation to a plane of the studied carbon
sublayer (Figure 3, the black squares (1)), the curves
MR (B) exhibit positive magnetoresistance (PMR) due to
the impact by the Lorentz force on the drift of the charge
carriers. It means that the thickness of the carbon sublayer
allows displacement/deviation of the charge carriers in a
direction perpendicular to the sample plane under the effect
of the magnetic field oriented within the sample plane.

As known, in the WL conditions, application of the
magnetic field at a fixed temperature shall attenuate the
QC contribution to Drude conductance, which is manifested

as NMR. Indeed, as it is clear from Figure 3 (the blue
circles (2)), in case of perpendicular orientation of the mag-
netic curve a progress of the curve MR(B) can be described
by the Altshuler—Aronov theory for interference-induced
QCs to Drude conductivity [4] (the green curve (3)):

Apg(B.T) € )
oo 0.7) ~ mhpo. 1) F ) (4)

where
F(x) =In(x) + (0.5 +x7 ), (5)

1 is a digamma function. Here, the parameter x = B/B,, is
determined by a ratio of induction of the external magnetic
field B to a certain characteristic field B, that depends on a
nature of the process of charge carrier scattering.

As it is clear from Figure 3, the field dependence of rela-
tive magnetoresistance is well described by the equation (4).
However, the NMR increase is observed up to the magnetic
field values of about 8 T, whereas according to the theory [4]
the NMR effect in the WL theory shall be suppressed at
very weak values B ~ 100—200 mT. In addition to shifting
of the NMR effect into the strong magnetic fields, there is
an overestimated value of the parameter B, ~ 1T, which in
fact shall be close to B, ~ 0.05T [23]. To explain the above,
we can use the above-described hypothesis, which is shown
in Figure 4 as schematic diagrams that show the conditional
paths of the charge carrier motion along the graphite
sublayer, including between the VGN-phase island clusters,
both in the zero magnetic field (Figure 4,a, b) and in the
magnetic field directed either parallel (Figure 4, ¢ and d) or
perpendicular (Figure 4,e and f) to the sample plane.

According to the diagram in Figure 4, a, b, the following
path portions of the two types are selected in the zero
magnetic field on the current lines (the red current line j)

—o— [ — B in plane
—o— 2 — B out plane
- 3 — approximations

20.06 - by equation (4) 1
for B out plane R
L 1 L 1 L 1 L 1
0 2 4 6 8

B, T

Figure 3. Field dependence of relative magnetoresistance MR (B)
for longitudinal (/) and perpendicular (2) orientation of the
magnetic field in relation to the plane of the carbon sublayer at
temperature of 7 = 7K. The green curve (3) is approximations by
the equation (4) at perpendicular orientation of the magnetic field.
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Figure 4. Schematic image of charge carrier transport in the sample without the magnetic field (a, b) or with orientation of the vector B
along (c,d) or perpendicular (e, f) to the plane of the carbon sublayer. / — the substrate, 2 — the conducting nanographite sublayer,
3 — the VGN-phase islands with clusters of paramagnetic centers (defects), 4 — self-intersecting carrier paths that provide a contribution
to conductivity by the WL mechanism, 5 — carrier motion under the Lorentz force, 7 — paths that envelop the VGN-phase islands.
The magnetic flux @ is designated by the green lines, the current lines j are designated by the red lines, the blue arrows (6) inside the
VGN-phase islands (3) indicate magnetic moments M from the clusters enriched by the paramagnetic centers in the islands.

during the motion along the nanographite sublayer in the
WL conditions under the effect of the electric field: (1) the
path portions of the 4 type, which correspond to charge
carrier diffusion along circular or self-intersecting paths,
which is described by the Altshuler—Aronov theory of
quantum corrections [4] and (2) the current line portions
of the 7 type, which symbolize electron scattering on the
most damaged (defective) portions of the graphite sublayer
near the VGN islands and result in their envelopment by
electrons (Figure 4, ).

When the sample is placed in the longitudinal magnetic
field (Figure 4,d), with the magnetic flux ® being parallel
to the graphite-sublayer plane the areas of the 4 type with
the self-intersecting paths, which are caused by the WL
effects, and the paths with envelopment of the VGN-phase
islands are preserved. At the same time, cycloids of the
5 type, which are oriented perpendicular to the graphite-
sublayer plane (Figure 4,c), appear due to the influence
of the Lorentz force on carrier motion (because of mutual
perpendicularity of the vectors of current and the magnetic
field), which is manifested as PMR on the dependences
MR(B) at the low temperatures.

When the magnetic flux @ is directed normal to the
graphite-sublayer plane and corresponds to wave-function-
dephasing values of the magnetic fields B (Figure 4, e and
f), then, quantum corrections according to the theory of
WL interference effects are suppressed (a role of electron
interference vanishes from the self-intersecting path portions
of the 4 type) and the latter is manifested as NMR on
the curves MR(B). At the same time, the effect of the
Lorentz force enables cycloidal current line portions (of the
5 type) that lie in the graphite-sublayer plane. The current
line portions of the 7 type, which symbolize a bend of the
current lines around the most damaged graphite-sublayer
portions near the VG islands are preserved as well.
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A phenomenological hypothesis that is schematically
shown in Figure 4 and above described charge carrier
motion along the graphite sublayer with the islands makes
it possible to explain divergence between the experiment
and the theory, interpreting it based on heterogeneous
distribution of the density of the magnetic flux ® over an
area of the graphite sublayer shown in Figure 4, e.

We remind that this hypothesis is based on a rep-
resentation of existence of heterogeneous distribution @
due to the high concentration of paramagnetic defects
(see Figure 2, ¢ [21]), thereby resulting in formation of the
ferromagnetic moment around the nucleus islands around
the VGN phase. As a result, real strength of the magnetic
field B between the islands becomes extremely small (as
compared to the average field externally created by a
superconducting solenoid), corresponding to a prediction
of the theory of quantum corrections to Drude conductivity
in the carbon sublayer. As a result, the overestimated value
of the parameter B,, which is calculated by us based on
the WL theory from the equation (6), as well as shifting
of the NMR effect from WL into the much higher fields
are seeming, so is no observance of the PMR effect in our
measurements.

4. Conclusion

It was found in the graphite layers of the thickness of
35nm with inclusions of the VGN-phase islands, which are
produced by microwave-plasma-enhanced chemical vapor
deposition (PECVD), at the initial stages of synthesis of the
vertical graphene nanosheets, that the temperature curves of
conductivity were described by Drude conductivity in the
conditions of weak localization (as a combination of the 2D
and 3D quantum corrections). It is shown that the field
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dependence of relative negative magnetoresistive (NMR)
effect is described by the equation for weak localization with
the highly overestimated value of the parameter B, ~ 1T at
the temperature of 7 = 7K.

It is hypothesized to explain causes of observation of the
NMR effect in the quite strong magnetic fields (> 1T),
which is formally described within the theory of quan-
tum corrections (in the conditions of weak localization).
A key provision of the hypothesis is origination of high
heterogeneity in distribution of the density of the magnetic
flux @ over the sample. This heterogeneity is caused by
presence of the nanoscale areas with the high concentration
of the paramagnetic centers (PMC) with uncompensated
spins. Due to exchange interaction, the PMC spins in
such areas can be aligned in parallel, forming locally-
ferromagnetic ordering even without involvement of the
ions of the ferromagnetic materials. It induces sharp space
heterogeneity of ®: a strong concentration of the magnetic
flux inside the areas with the high PMC concentration and
its significant attenuation in spaces between them.
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