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Highlights

e Distributed shunts and high-quality low-ohmic Co electrodes are formed on twisted CVD

graphene (G) sheets by decoration with Co particles for application in magnetic sensing

e The crossover from negative to positive magnetoresistance in Co-G/Si0, samples at weak and

strong magnetic fields, correspondingly, are considered within the phenomenological model

assuming the additional distortion of current-conducting routes under the influence of Lorentz

force due to the enhancement of large-scale potential relief enhanced by Co particles.
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Abstract

Application of magnetic metal/graphene hybrid structures in magnetosensorics requires the formation
of high-quality low-ohmic (barrier-free) contacts and understanding of mechanisms of electric charge
transfer near and through the metal/graphene contact area. In present paper we fabricate samples of
twisted graphene electrochemically decorated with Co particles (Co-G/SiO;) which demonstrate perfect
ohmic electric contact between Co and graphene sheets. Temperature and magnetic field dependencies
of surface resistance for pure twisted graphene (G/SiO;) and Co-G/Si0, samples are considered within
the models of 3D Mott variable range hopping and 2D weak-localization quantum corrections to the
Drude conductivity. Phenomenological model is proposed explaining the experimentally observed
transition from predominantly negative magnetoresistive effect in weak magnetic fields B (below 1-2 T)
to positive magnetoresistance (PMR) at B beyond 5 T assuming the growth of PMR due to the distortion
of current-conducting routes under the influence of Lorentz force which originates from the
enhancement of large-scale potential relief in Co-G/Si0, sample. This work considers the new approach
to the application of G/SiO, decoration with Co particles for creation both metallic (distributed,

defragmented) shunts and high-quality ohmic electrodes in magnetic sensing.

1. Introduction

In the last decade, graphene being one of the most important allotrope modification of carbon
nanomaterial is widely studied due to its extraordinary physical properties such as high electrical and
thermal conductivity, large specific surface area, high mechanical strength and flexibility, etc. as well as
future applications. These fascinating properties initiate designing of various graphene-based structures
for fabrication of new types of sensors, transducers, spintronic devices, memristors as well as for
application in energy storage, magnetic bio-imaging, etc. [1-3].

In particular, a significant part of research is devoted to metal/graphene hybrid structures [4-7], which
could be potentially applied in magnetosensorics [7-11]. This application, first of all, needs the formation
of high-quality low-ohmic (barrier-free) contacts that do not introduce distortions into the crystal lattice

of graphene. However, this point still remains a strong challenge both from fundamental and
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technological aspects. lheretore, understanding ot mechanisms ot the charge carriers’ movement near
and through the metal/graphene contact area becomes crucial. Carrier transport in such metal/graphene
nanostructures depends on many factors, such as the method of graphene synthesis (micro-cleavage,
CVD, epitaxy, etc.), the type of graphene (single-layered, multilayered, twisted) and substrate, on which
graphene is deposited, as well as the type, concentration and distribution of possible defects in graphene,
including those incorporated by polycrystallinity and deposition of metallic clusters [1-3, 11].

Several mechanisms of electric carrier’s transport both with and without external magnetic field
observed in graphene and metal/graphene structures are generally discussed in literature. Most
commonly, carrier transport in pristine graphene is described by the interferential mechanisms
considered in the theory of quantum corrections to the Drude conductivity in weak localization
conditions [12,13,15-19]. As reported in [19], for graphene produced by mechanical exfoliation this
mechanism includes several contributions — low localization taking into account electron-electron
interaction [12, 13,16-18], intervalley scattering and chirality breaking [16], weak antilocalization
[16,17], etc. The second mechanism of electrical conductivity in graphene is variable range hopping
(VRH) of electrons by the localized states considered within the models of Mott [14, 20, 21] and
Shklovsky-Efros in zero external magnetic field [22] and within the models of Mikoshiba [23],
Shklovsky [22] and Altshuler-Aronov-Khmelnitski [12] for conductivity in non-zero magnetic field. It
is worth noticing that hybrid graphene/metal structures containing semiconducting graphene layer with
a special metallic shunt and a number of electric contacts could also demonstrate extraordinary
magnetoresistive effect (EMR) of geometrical nature observed at high transversal magnetic field when
current routes are modified under the Lorentz force [24-30]. This effect originates from structural
inhomogeneities (precipitates, surface inclusions, defects and their crowds, etc.) in graphene sheet due
to formation of large-scale potential relief (LSPR).

In order to clarify possible mechanisms of electric transport in metal/graphene structures, present paper
is focused on the investigation of variation in electrical conductivity and magnetoresistance of the
twisted graphene sheets when decorating with Co particles, which can play the role of both metallic

(distributed) shunt and high-quality low-ohmic electrodes.
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2. Experimental

Sheets of twisted graphene, characterized with in-plane rotation of graphene layers by an angle 6, were
fabricated by the method of atmospheric pressure chemical vapor deposition (AP CVD) on 25 um thick
Cu foil (Alfa Aesar 99,8 % purity) from n-decane precursor C;oH,, with nitrogen as a carrier gas, under
experimental conditions previously reported elsewhere [31]. Twisted graphene is chosen as a substrate
for deposition of Co nanoparticles because multilayered graphene possesses higher number of
conducting channels, higher band overlap and is much less affected with the substrate as compared to
single-layered graphene [32,33].
To analyze electrical resistivity of twisted graphene, sheets were transferred from Cu foil onto the
dielectric substrates of silicon oxide (SiO;). The transfer was performed after dissolution of Cu foil in 1
M FeCls. After this procedure graphene sheets were washed out in distilled water and transferred onto
Si0,/Si substrate (samples G/Si0,).
Electrochemical deposition of Co particles onto the surface of graphene sheet on Cu foil was carried out
at a constant current with density 2.5 mA/cm? during 30 s at room temperature as it described in [34].
The used electrolyte contained 0.96 g/l of cobalt sulfate and 0.064 g/l of sodium chloride, solved in
distilled water. All chemicals were of analytical grade. The obtained samples of graphene sheet on Cu
foil with electrochemically deposited Co particles were thoroughly washed with distilled water and dried
at room temperature.
To analyze electrical resistivity of twisted graphene and twisted graphene decorated with Co
nanoparticles, sheets were transferred from Cu foil onto the dielectric substrates of silicon oxide (SiO5).
The transfer was performed after dissolution of Cu foil in 1 M FeCls. After this procedure the sheets of
graphene and graphene with Co nanoparticles were washed out in distilled water and transferred onto
Si0,/Si substrates (samples G/Si0, and Co-G/Si0O,, respectively).

Surface morphology of G/SiO, and Co-G/SiO, samples both on copper foil and SiO,/Si
substrates was examined by scanning electron microscopy (SEM) on Hitachi S4800 device equipped
with the Bruker QUANTAX 200 energy dispersive X-ray spectrometer (EDXS) enabling determination

of the material elemental composition maps. Quality of graphene layer was also estimated using Raman
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spectroscopy (RS) Contotec NRSUU contocal micro-Raman spectrometer with 4/3 nm excitation
wavelength and spectral resolution about 3 cm™! [32, 34, 35, 36]. We additionally examined the thickness
of graphene transferred on glass by the light transmittance measurement in 400-800 nm wavelength
range (PROSCAN MC-121 spectrometer). The value of transmittance > 94% (at 550 nm) allows to
conclude the average number of graphene layers equal two.

Four-probe electric resistance as a function of temperature 7' and magnetic field B applied
normally to the surface of G/SiO, and Co-G/SiO, samples was measured in the closed-cycle refrigerator
system (CCRS), produced by Cryogenics Ltd (London), in the temperature range 2 < 7' < 300 K and
magnetic fields with induction B up to 8 T perpendicular to the electric current. The relative
magnetoresistance is defined as MR = 100%x[R(B)-R(0)]/R(0), where R(B) and R(0) are resistances at
non-zero and zero magnetic fields B, accordingly. Measurements were performed on the samples
arranged on the contact pad (Figure 1a), using 4 indium (In) supersonically soldered electric contacts
with soldered 50 um diameter copper wires. Measurement 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. Temperature was stabilized with

the precision not less than 0.01 K using LakeShore 331 measuring controller.

0 i

Fig. 1. The photo of sample on contact pad (a) and scheme of electric probes arrangement (b) where 1,

2 are current contacts; 3, 4 are potential contacts

In present study R(7) curves were re-calculated into either surface resistance
R (T) = RADX(WIL) [Q/1] (1)

or into resistivity



(1) = R(T) x (Wxd/L) | Qxm| (1b)

or conductivity

o(T) = (/1)) [Sm/m], (Ic)
where W is the width of current conductive channel (of the graphene layer), d is thickness of the graphene
layer, L is distance between potential contacts 3 and 4 in Figure 1b. The error in p(7) measurement was

mainly limited by the size of electric contacts and intercontact distances and was equal or less than 5 %.

3. Structure of the samples before and after Co particles deposition
Typical SEM image of Co-G/SiO; is presented in Figure 2. It is seen that the mean diameter <d> of Co
particles equals to 220 nm. Deconvolution of experimental high-resolution Co core level X-ray
photoelectron spectra recorded on Co-G/Si0O; is considered in the paper [34]. It is indicated that metallic

particles possess Co “core”/Co oxide “shell” structure.

Fig. 2. Scanning electron microscope (SEM) image of Co-G/SiO, sample. The inset shows SEM image

at higher magnification.

The typical Raman spectra of the G/SiO, and Co-G/SiO, samples are presented in Figures 3a and b,
correspondingly. One may see that D peak is more intense for the sample decorated with Co

nanoparticles. Indeed, the I/l ratio distributions, recorded over the 20x20 um? area for each sample,
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Fig. 3. Raman spectra (a, b) and histograms /g/Ip ratios (c, d) for G/SiO; (a, ¢) and Co-G/SiO; (b, d)
samples; the mapping of Ig/Ip ratios for Co-G/SiO, sample (e); comparison of two Raman spectra

recorded from different places of G/SiO, sample (f)

plotted in Figures 3c and d, for G/Si0O, and Co-G/Si0, samples, respectively, reveal noticeably higher

defectiveness for Co decorated sample. This result is in contrast with our earlier report [34] where no



signiticant impact ot Co deposition on graphene structure laymg on copper toil were noticed. 1'his sort
of discrepancy can be explained by the following arguments. In present paper, Co was deposited directly
on graphene on copper foil, only after that Co-G structure was transferred onto SiO, surface by the wet
transfer method. Most likely, nanoparticles decoration changes the surface energy of graphene which
affects its wettability [37]. Since, no polymeric carcass was used for the transfer, the stress in graphene
caused by non-optimal tension of etchant liquid on graphene may lead to the formation of wrinkles and
increasing of D band intensity in Raman spectra, which was observed in our earlier experiments [34,
38].

Raman spectroscopy also allows evaluation of electronic structure of graphene. Mapping of I,p//; ratio
for Co-G/SiO, sample presented in Figure 3e reveals that twisted graphene used in our study was
inhomogeneous. It was reported previously that different values of 7, observed in twisted graphene are
related to its parts with different twisted angles [31]. The most pronounced manifestation of twisted
nature of graphene is the significant increasing of G band intensity (G-resonance [39]) in Raman spectra
when the energy of excitation light quantum fits to the energy difference between singularities in density
of states (van Hove singularities). This is illustrated in Figure 3f, which shows two Raman spectra
recorded from different parts of G/SiO, sample where the excitation energy does and does not satisfied
above described condition. The domain size of uniform electronic state estimated from the areas of the
L/l appears to be in the range of few um. Therefore, since the angle 6 defines electronic properties of
twisted graphene [39], one can conclude that G/SiO, and Co-G/S10, samples possess polycrystalline

structure, where each domain represents an area with distinct electronic properties.

4. Electrical resistance of G/SiO, and Co-G/SiO, samples
Experimental dependencies of R (7) and their normalized values R (7)/R(300 K) are plotted in Figures
4. As follows from Figure 4a, R-(7) curves near the room temperatures are characterized by negative
value of the resistance temperature coefficient, thus evidencing the influence of activational mechanism
of carrier transport in our samples. This should be assigned to the polycrystalline structure and quite

high density of defects in the twisted graphene as was considered in [40-45]. Semiconducting
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(activational) behavior ot G/S10, and Co-G/S10, samples around 300 K 1s proved by normalized
R-(T)/R~(300 K) curves plotted in the Arrhenius scale (Figure 4b). We can distinguish on these curves
high-temperature linear sections with slopes denoting activation energy of conductance activation Ej.
The estimated values of E; around room temperature were 5,9 meV and 15,5 meV for G/SiO, and Co-
G/Si10,, correspondingly. Moreover, at temperatures 7 around 273 K (room temperature) values of R
are almost independent on 7, which is characteristic for semiconductors within impurities depletion area,
when R(7) is defined only by carriers mobility. Comparison of Figures 4a and 4b shows that decoration
of graphene with Co particles results in the decrease of R values up to several times, which can be

attributed to the change of mechanisms of carrier scattering.
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Fig. 4. Temperature dependencies of surface electrical resistance R (7) for the samples G/Si0O, (1) and
Co-G/Si0; (2): (a) normal scale; (b) Arrhenius normalized dependencies R (7)/R (300 K) vs; (1000/7).
Linear parts of the curves In(R-(7)/R~(300 K)) -(1000/7) (approximated with solid lines) correspond to

activational law for carrier transport.



The K (1) curves tor both types of samples plotted mn Arrhenius scale reveal that at low temperatures
(below 200 K) they are characterized by variable activational energy with temperature decrease. There
are two main reasons for such behavior of G/SiO; and Co-G/Si0; structures at low temperatures: either
variable range hopping (VRH) conductance by the localized states near Fermi level [14,20,21] or
quantum interference corrections to the Droude conductivity in conditions of weal localization
[12,13,15-19]. Note, that in VRH regime temperature dependencies of electrical conductivity can follow

the Mott-like expressions
TP 0,33
-(5)"] ®)

where 6,, T,2P are characteristic parameters for Mott (with o= 0.33 for 2D [14]) or Shklovsky-Efros

G*(T) =~ 002€Xp

(a=0.5120]) VRH models, correspondingly. These parameters define the probability of carriers hopping
and the energy of their activation (or hopping length) [ 14, 21]. It is well established, that the experimental
values of both T;,?P have to exceed the temperature of measurements because otherwise, the values of
activation energy for VRH mechanism is below the energy of phonons, which has no physical meaning.
To estimate characteristic parameters in Eqs. (2), we used fitting procedure by the method of least
squares.
As was mentioned in Introduction, in accordance with theories [12,13,15-19], temperature dependences
of quantum corrections (QC) Aggc (T) to the Droude conductivity also depend on dimensions of samples
D, following equation for weak localization in 2D samples

AGRA(T) ~ +51n () 3
for weak localization in 2D case, where 7 are times of phase breaking due to elastic or quasi-elastic
scattering of electrons on defects, impurities, etc. and also at taking into account electron-electron
scattering, if needed [12,13,15]. To separate contributions (2) or (3) into carrier transport, we should
represent o (7) in different coordinates. For example, Figure 4b shows the temperature dependencies of

the electrical sheet conductance o(7) at 2 < T < 25 K in Mott scale for 2D VRH mechanism (a) and in

semi-logarithmic coordinates for extraction of QC contributions (b).
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Linearization ot experimental (1) dependences in Mott coordinates for 2D case in temperature range
10 < T <20 K (Fig. 5a) confirms the presence of Mott-like sheet conductance in the studied samples.
Linearization of semi-logarithmic curves o (7)-1g7 in Figure 5b below 10-15 K (where Mott VRH
contribution is negligible) confirms the presence of contribution of quantum corrections to Droude
conductivity in this temperature range. Saturation of these curves at 7< 5 K can be attributed to the
tendency of o-(7) towards minimal metallic conductivity c,,;, when approaching the metal-insulator

transition in disordered crystals [20, 21].
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Fig. 5. Temperature dependencies of sheet conductance o(7) below 25 K for G/SiO, (1) and Co-G/Si0,
(2) in semilogarithmic scale appropriated to quantum corrections (a) and in Mott scale for 2D VRH (b)

The assumption on the role of QCs in low-temperature carrier transport is also follows from the
temperature dependencies of the breaking phase time 7, estimated from the well-known expression [13,
46, 48]

(%) = kTGoRaln(zzr), )
where Gy = ¢?/2n?h = 1.23-10°Ohm' and R.= (1/c-). According to quantum corrections theory [12,15],
shape of the t,(7) curves should follow the power dependence

Tcp(T) ~ 17, (5)
where parameter p is defined by the mechanism of wave function phase breaking lying within the range

1 <p <2[15]. The estimated t,(7) dependencies shown in Figure 6 clearly evidence the power-like
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To(1) curves. Values of p estimated from the slopes of the straight lines in Figure 6 are 0.97 and 0.94 for
the samples G/S10, and Co-G/Si0; accordingly, that well corresponds to the results of other papers [12,

13, 16-18].

1074

T(p, S

10"

Fig. 6. Temperature dependencies of the phase breaking time t,(7) plotted in logarithmic scale in the

temperature range 2 - 20 K for G/SiO, (1) and Co-G/SiO, (2) samples.

Thus, the performed analysis of the 6-(7) dependencies at 2 < 7< 25 K clearly reveals that two possible
contributions to the carrier transport mechanisms coexist in twisted graphene: (a) the 2D Mott VRH [14,
20,21] and (b) 2D quantum corrections mechanism [12, 13, 16]. In order to verify this result, we
measured the dependencies of electrical sheet resistance R- and relative magnetoresistance MR on
external magnetic field with induction B to analyze experimental curves in accordance with various
models of hopping conductance and QCs in magnetic fields. The R-(B) and MR(B) dependencies for
G/Si0; and Co-G/Si0; are presented in Figures 7 and 8, respectively.

Firstly, Figure 7 and 8 show that at low temperatures R-(B) and MR(B) curves obtained for both samples
reveals competition of negative (NMR) and positive (PMR) contributions to magneto transport. The
second peculiarity is that below 50 K NMR contribution prevails only in magnetic fields below 1-2 T,
and this contribution decreases after the deposition of Co particles (compare Figures 8a and 8b as well

as Figures 9a and 9b).
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Fig. 7. The dependencies of electrical sheet resistance R on applied magnetic field B for G/SiO; (a) and
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300 K (7)
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Fig. 8. The dependencies of MR on applied magnetic field B for G/Si0O; (a) and Co-G/SiO, (b) samples

at temperatures 7= 5 K (1), 10 K (2), 25 K (3), 50 K (4), 100 K (5), 200 K (6), 300 K (7).

It is worth mentioning that contribution of PMR into R (B) and MR(B) increases with the growth of both
magnetic induction B (Figures 9) and temperature (Figures 7 and 8), so that at 7> 100-120 K we could
observe only PMR contribution. Finally, Co-G/SiO, samples demonstrate larger MR in PMR
contribution with close to linear shape of R (B) curves at B> 5 T. In so doing, MR(B) curves for Co-

G/Si0, samples (Fig. 8b) are going much steeper with respect to the G/Si0, samples.
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Concerning observation of low-temperature NMR contribution in graphene-based samples, we can state
its suppression both with increasing temperature and also after deposition of cobalt particles (compare
curves 1 and 2 in Figures 9).

It is typical that in B < 1-2 T NMR contribution can be explained by two main mechanisms: quantum
corrections to Drude conductivity in the conditions of weak localization [12,13,15,18] and VRH
conductivity [13]. In the last case, R-(B) dependences at low temperatures are described with the
expression introduced by Altshuler-Aronov-Khmelnitski [13]
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R(B) = - R-(0)exp(y/B™), (6)
where constant y depends on the type of defects and localization radii of wave functions for charge
carries: in the theory, exponent m equals to 1 or 2 at strong or weak applied magnetic fields B,
correspondingly.

For the case of PMR at high B values, the R (B) curves at low temperatures are usually considered within
the Mikoshiba [23] or Shklovsky [22] models of VRH carrier transport which follow the relationship
R(B) =+ R:(0)exp(B/B"). (7)
Here constant £ is also governed with the defects type of the object and localization radii of wave
functions for charge carries, however, contrary to m in the relationship (6), n values in these models are
equal to 2 or 1 at weak or strong magnetic fields, correspondingly.

To analyze the PMR effect within Mikoshiba model (7), we plot the R(B) dependencies in double
logarithmic coordinates Ln[Ln(R-(B)/R-(0))] — LnB presented in Figure 10.

It is seen from Figure 10a, that for the sample G/SiO; linearization of R (B) in Mikoshiba coordinates
in magnetic fields B> 6-7 T is fulfilled only at 7< 10 K where the exponent n, estimated from the slopes
of experimental curves, are less than 1. At the same time, as seen from Figure 10b, decoration of
graphene with Co particles results in linearization of curves only at 7= 25 K where the slope of the
experimental curve 3 is close to n ~2. With the lowering of temperature, the estimated » values have no
physical meaning. Hence, we can conclude that Mikoshiba model (7) does not work in the PMR region.

This correlates with small contribution of PMR effect in R-(B) curves in Figure 7a at 7 < 50 K.
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Fig. 10. Typical dependencies of MR(B) at high magnetic fields B (PMR) plotted in Mikoshiba
coordinates Ln[Ln(R-(B)/R-(0))] — Ln(B) for G/Si0, (a) and Co-G/SiO, (b) at the temperatures 7=5 K
(1), 10 K (2) and 25 K (3). The exponent values 7 in the Eq. (6) obtained from fitting of experimental

curves (dots) with linear functions (red lines) are shown near every curve.

Possible contribution of hopping magnetotransport into NMR was analyzed using the expression (6)
accordingly to Shklovsky-Altshuler-Aronov-Khmelnitski model [12]. As presented in Figure 11,
estimation of m values, in accordance with the scheme described above for the analysis of PMR effect,
exhibits that at weak magnetic fields (below 1 T) and 5 < 7'< 25 K behavior of Ln[Ln(R-(B)/R-(0))] —
LnB curves is very close to linear with m ~ 1 for both G/Si0, and Co-G/SiO, samples. However, the

increase of applied magnetic field above 0.8 — 1.0 T results in strong discrepancy between experimental
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Fig. 11. Typical dependencies of MR(B) at low magnetic fields B (NMR) plotted in Mikoshiba
coordinates Ln[Ln(R (B)/R(0))] — Ln(B) for G/SiO; (a) and Co-G/Si10, (b) at the temperatures 7= 5 K
(1), 10 K (2) and 25 K (3). The exponent values 7 in the Eq. (5) obtained from fitting of experimental

curves (dots) with linear functions (red lines) are shown near every curve.

points and model Altshuler-Aronov-Khmelnitski (6). This means that hopping contribution into NMR

in accordance with model (6) [13] is rather likely suppressed with the temperature increase.

5. Discussion

Let us discuss the reasons of the observed influence of twisted graphene decoration with Co particles on

the values of sheet resistance R and its dependence on temperature and magnetic field.
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As tollows tfrom Raman spectroscopy and SEM experiments, the deposition ot Co particles on twisted
graphene sheet enhances defective structure of the sample Co-G/Si0, as compared to pristine G/Si0,.
At the same time, as follows from comparison of curves 1 and 2 in Figures 4 and 5, we can observe
evident decrease of the sheet resistance after the deposition of Co particles. This testifies the formation
of a good electric contact (without existing any barriers) between Co particles and graphene layer.
Therefore, metallic clusters, probably causing new defects, act as shunts which short-circuiting grain
boundary barriers being in pristine polycrystalline graphene layer under them. The other role of Co
particles deposition can be strong change in phase coherence length of carriers when they cross the
interface between graphene and Co particles.

The observed differences in experimental temperature dependencies of MR(B) for G/SiO, and Co-
G/S10, samples reveal the noticeable effect of Co particles decoration on the relation between NMR and
PMR contributions. In order to elucidate this role of Co particles decoration, we should estimate
quantitatively the relative change under the impact of decoration into temperature dependences of
normalized sheet resistance [Rg(7) — Reo.6(7)[/R6(T) plotted at definite values of magnetic field B. Such
curves are presented separately for the NMR (Figure 12a) and the PMR (Figure 12b).

It is seen that the linearization of the normalized [Rg(7) — Rco.g(T)[/Rg(T) dependencies in
semilogarithmic scale in the range of low 7 is observed both for the areas where dominates NMR (Figure
12a) as well as where PMR is observed (Figure 12b). The difference is only in the slopes of the linearized
dependencies which decreases with the increase of B values for NMR (Figure 12a) and remains almost
constant for the area where PMR prevails (see Figure 12b). Such a behavior means that in the area of
NMR the relative decrease of the sheet resistivity at low 7 values becomes two times higher in Co-
G/S10,. At the same time at 2 < T< 25 K in the area of PMR the relative contribution of Co decoration

into the resistance is practically independent on temperature.
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Fig. 12. Temperature dependencies of [Rg(T) — Rco-g(T))/R (T) in the area of NMR (a) and PMR (b) for
low temperatures plotted in semilogarithmic scales. For NMR area, values of applied magnetic fields B
are: 1-0 T, 2-0.2 T, 3-0.3 T, 4-04 T, 5-0.5 T, 6-0.750 T and 7-1.0 T. For PMR region values of B are:
1-2T,2-3T,3-4T,4-5T,5-6 T, 6-7T and 7-8 T.

It is worth noticing that observed linearization of low-temperature [Rg(7) — Rco.g(T))/Rc(T)] semi-
logarithmic curves in the NMR area indirectly confirms the role of contribution of quantum corrections
into the electrical conductivity in weak magnetic fields and at temperatures lower than 10 K.

At the same time, decoration of graphene with Co particles results in the increase of VHR conductivity
in the NMR contribution. This is evidenced from the linearization of [Rg(7T) — Rco.c(T)]/R(T) curves in

Mott scale for 2D case in the range of 7= 10-25 K which is shown on Figure 13. The observed
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Fig. 13. Temperature dependencies of relative increment of magnetoresistance [Rg(7) —Rco.g(T) /R (T)
in the range of NMR due to deposition of Co on graphene, plotted in 2D Mott scale for low temperatures
and low magnetic fields B=0T (1), 0,5 T (2) and 1,0 T (3)

change of the slopes of the linearized parts of the curves in Figure 13 reveals that parameter 7, in the
relationship (3) depends on the magnetic field B, possibly either due to the compression of the wave
functions [14,22] or due to influence of B on characteristic temperature 7, (which determines the
probability of electron jump) in Eq. (2) in accordance with Altshuler-Aronov-Khmelnitski model [13].
All this also correlates with the behavior of MR(B) discussed in previous chapter in the frame of the
model (6) [13] for low magnetic fields (see, Figure 11).

Effect of Co deposition on MR(B) dependence in graphene can be also analyzed within the frame of a
Kohler rule [49] for Lorentz mechanism of MR, which is due to deviation of electron trajectories with
respect to the vector of electric field intensity under impact of Lorentz force in perpendicular magnetic
field. However, taking into account the linear progress of MR(B) at high B values in Figure 7 and in
[26,27,50-53], we have transformed the Kohler rule for highly defected samples into the equation

p(BT) r B
p(0T) ~ me [p(O,T)]'

(8)

basing on consideration of dimensionality. Here p(0,7) is resistivity at temperature 7" and magnetic induction
B =0T, e— charge of electron, n — concentration of charge carriers and coefficient » depends on the

mechanism of electron scattering. The Eq. (8) allows to calculate concentration of charge carriers n(7),
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which 1s presented 1 Fi1g. 14a. 1he estimated »n(/) was used tor estimation ot mobility ot charge carriers

1(T) presented in Figure 14b using equation

r
p(Tne

(1) = ©)

in the assumption of » = 1. Here electrical resistivity p(7) was calculated from the full resistance R by
the Eq. (1b), where we used the thickness d of the twisted graphene as 2.0 of the single-layer graphene
thick (0.246 nm).

Figure 14 reveals that calculated n and g values increase after deposition of Co on graphene sheet. In
doing so, curves n(7) dependencies are very weak and possess maximum at 7' = 10-20 K, while z(7)

goes through minimum at 7= 10 K (see Figure 14).
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Fi1g. 14. Iemperature dependencies of concentration z (a) and mobility ¢ (b) of charge carriers 1n U/SiOz

(1) and Co-G/Si0; (2) samples

Note also that the #n values extracted from the transformed Kohler rule (8) agree well with its estimations
from Raman spectra [31, 34], which give sheet values of the order of 10'® m that is close to the bulk
values in Figure 14.

Analyzing the calculated n(7T) and (T) dependences, we can conclude that combination of high n values
together with very low p and u values could be associated with high concentration of defects in the
studied samples due to possible formation of large-scale potential relief [20, 21, 50-53]. The reasons for
LSPR formation could be the grain boundaries as well as the other types of inhomogeneously distributed
defects accumulated in G/SiO, and Co-G/SiO, sample. This is indirectly confirmed by non-linear
character of I-V characteristics at low temperatures, impossibility to measure Hall effect even at high
magnetic fields and linear dependencies of MR(B) at high magnetic fields. Our assumption about the
formation of LSPR in G/SiO, and especially in Co-G/Si0, samples well correlates with the results
published in [46].

Besides, evaluation of n(7) and z4(T) reveals their increase up to 3 times in Co-G/SiO, sample with
respect to pristine G/Si0, sample, which explains the decrease of electrical resistance of graphene
decorated with Co particles. Possible reasons for that will be considered below in detail.

Remind that parameters p in (4) are close to 1 in Fig. 6. This means that most probable phase breaking
mechanism for G/SiO, and Co-G/SiO, samples is electron-electron scattering in weak localization
conditions [16-18]. Considering the values of 4 7) in Fig. 14b, we can estimate the values of transport
time of momentum relaxation from the known relation 7z, = [m*z(T)/e and calculate the values of
parameters of electron-electron scattering K, from the slopes of curves in Figure 15 using the equation
Ac.. = Koo G Ln(k Tty /h). (10)
The estimated values are 1.7 nm™! for G/SiO, and 25.3 nm™! for Co-G/SiO, samples that is very close to

theoretical predictions in [12, 49].
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Fig. 15. Temperature dependences of quantum correction Ac,. calculated from curves in Figure 5b in

coordinates of Eq. (10) [12, 46].

As evidenced from the above analysis of experimental data, one should note the drastic difference in the
behavior of MR(B) at temperatures below 50 K for G/Si0, and Co-G/SiO, samples. In particular, NMR
effect in G/SiO, sample dominates only at B < 1 T and essentially (up to 2 times) decreases after the
deposition of Co particles (in Co-G/Si0; sample). Remind also, that deposition of Co particles enhances
the PMR effect, so that MR(B) curves in Co-G/SiO, sample go much steeper that for the pristine G/SiO,
(compare, Figures 7 and 8). We consider the mentioned differences of MR(B) curves in G/SiO, and Co-
G/Si0, as development of EMR effect [24-30, 54, 55] within the proposed phenomenological model
presented in Figure 16.

Our model is based on the approach described in [54] and modified in [55] for the case of composite
metal-semiconductor structures, where a single round metallic inclusion was embedded into a
semiconductor. Rowe and Solin [54] showed by solving the Laplace equation that external impacts (for
example, magnetic field, mechanical stresses, etc.) can lead to significant changes in the distribution of
electrical resistance R over such a structure. As a result, at certain ratio between properties of the metal
inclusion and semiconductor film, as well as the contact resistance between them, the change in full
resistance in such a composite structure can be much larger in magnitude than observed in pure

semiconductor (without metallic inclusion). For example, according to [54, 55], in such structures the
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Journal Pre-proof
application of a magnetic field 5 perpendicular to the plane ot the semiconductor may cause the EMR

effect. Such behavior of MR(B) indicates that for some values of B the magnitude of the magnetoresistive
effect in the composite metal-semiconductor structure (at least in some places) will differ significantly
from those for pure metal and pure semiconductor. In general, as follows from [54, 55], in order to
enhance the impact of the magnetic field on magnetoresistance, it is necessary to make such a composite
where the electron trajectories (current routes) at the metal-semiconductor interface are maximally
changed. This is especially true for the case of several metallic particles distributed over the surface of

graphene sheet presented in Fig. 16.

/ \

Graphene

Graphene

Fig. 16. Scheme of current routes (red lines with arrows) in Co-G/SiO, sample: cross-section (a) and
top views for low (b) and high (c) magnetic field B. The grey area is a graphene layer, yellow stripes are

electric contacts 1 and 2, blue spots are Co particles. Vector B is normal to graphene layer plane.
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Basing on this approach, the scheme 1n Figure 16 1llustrates possible changes of current conducting
routes in graphene (which replaces the semiconductor in the model [54, 55]), with multiple Co particles
randomly distributed over its surface. According to [55], at low magnetic fields B, the current is concentrated
in the metallic region (cobalt particles), lying on graphene sheet and acting as a short circuits (shunts)
due to their low-ohmic contact with graphene (see dashed lines crossing Co clusters in Figures 16a and
16b). In this case, in accordance with our model, current routes and the current density vector j are
parallel to the total electric field E, so that resistance changes weakly under magnetic field (the lengths
of current routes are almost unchanged when B growing). So, the cobalt particles on graphene sheet
looks like equipotential bodies due to their high conductance.

In contrast, at high magnetic fields B, the current lines near metallic particles (Figure 16¢) are strongly
deflected from their homogeneous distribution by Lorentz force [54]. This results in a directional
difference between j and E described by the Hall angle 6y - arctan(uB) relative to vector of drift electric
field, where g is carriers mobility. At sufficiently high fields 5, the Hall angle approaches 90°, in which
case j is parallel to the semiconductor/metal interface, and the current is deflected from the metal
inhomogeneities, which acts as an open circuits. Our experiments show that 8y at B =8 T is close to 60-
65°, so that current routes ( j ) are pushed out the Co particles back into graphene layer, and current
routes (red lines in Figure 16¢) become strongly bended and also self-crossing (due to multiplicity of Co
particles). In such a case, at high B values Co particles act as an open circuits in graphene, and the current
in Figure 16¢ flows around (skirts) them. Due to such a new system of current routes, formed by Lorentz
force at high B values, their lengths strongly increase, i.e. magnetoresistance in the Co-G/SiO, sample
grows much stronger with B as compared to the pure graphene.

Therefore, the sample Co-G/SiO; looks like highly inhomogeneous media (similar to metal-insulator
nanocomposites [56]) with percolating character of carrier transport. We believe that this explanation
allows understanding why decoration of graphene with Co particles enhances PMR effect at large
magnetic fields B.

Therefore, the described crossover of the metallic particles behavior from a short circuit at low B values

to an open circuit at high magnetic fields brings about a large increase in resistance, i.e. the EMR effect.
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As was shown 1n | 26-30, 54, 55], the intluence ot magnetic field on redistribution of current density in
the graphene/metal hybrid structure is essentially a geometric interfacial phenomenon. However,
contributions from intrinsic effects of the hybrid structure components should not be neglected as well.
Among such intrinsic effects, which are enhanced with temperature lowering [58-60], we can note
dependence of carrier mobility on magnetic field [14], formation of LSPR [14, 20, 21, 50-53], carrier
mobility fluctuations [56, 57], etc. All these contributions can be associated with polycrystalline
structure and/or inhomogeneous distribution of defects in twisted graphene owing to its contamination
by impurities and imperfections as a result of transfer from Cu foil to SiO, substrate [11] and change in
its electronic structure due to deposition of Co clusters, observed in our experiment.

6. Conclusions
In summary, electrochemical deposition of Co particles slightly increases the defectiveness of twisted
graphene and significantly decreases surface resistivity in Co-G/SiO, samples. Observed R decrease
evidences the formation of low-ohmic (barrier-free) electric contact between Co particles and graphene
sheets. Taking into account the polycrystalline structure of G/S10, samples, we attribute this effect to
the shunting of intergrain boundaries by Co precipitates.
Modelling of experimental dependencies of surface resistance on temperature R (7) and magnetic field
R-(B) for G/SiO, samples and Co-G/S10, samples proves that at the temperature range 2-20 K R-(7,B)
can be considered within the co-existence of two models: 3D Mott VRH and 2D WLQC to the Drude
conductivity for weak localization conditions.
It is experimentally observed that decoration with Co particles results in negative magnetoresistance in
graphene in weak magnetic fields (below 1-2 T) that originates from quantum interference effects and
VRH mechanism. At the same time, the increase of positive magnetoresistance in strong magnetic fields
(above 5 T) is governed with carrier transport in large-scale potential relief which possibly initiates
extraordinary magnetoresistance effect in Co-G/S10, sample. Phenomenological model is proposed
which describes the different effect of Co particles onto the R (7,B) in twisted graphene sheets at weak

and strong magnetic fields. This model basically attributes the increased contribution of PMR to the
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distortion ot current-conducting routes under the intluence ot Lorentz torce due to the enhancement of

LSPR in Co-G/Si0, samples.
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o Distributed shunts and high-quality low-ohmic Co electrodes are formed on twisted CVD graphene
(G) sheets by decoration with Co particles for application in magnetic sensing devices.
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