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Monitoring magnetoelectric transport behavior of graphene material is critical in establishing a foun-
dation for engineering next-generation spintronic devices. Here we report a temperature-dependent
crossover between positive and negative magnetoresistance (MR) in graphene nanocrystallines
embedded carbon film (GNC film), two sign changes of MRrota; (Where MRrota) presents the measured MR
value) value from positive MRrotai(+) to negative MRyota(—) and then back to MRrotai(+) are observed as
temperature varies from 2 K to 400 K. The crossover can be ascribed to the competitions among different
origins including wave function shrinkage, spin-dependent Coulomb blockade effect and Lorentz force,
which play dominant roles in low, medium and high temperatures, respectively. Moreover, it is revealed
that GNC film with smaller GNs has larger positive contribution to MRry, behavior, resulting in
maximum MRrota1(+) of ~8.1%. In contrast, GNC film with larger GNs dramatically contributes to negative
MRTota; behavior, which obtains maximum MRroa)(—) of ~ -1.1%. This work deepens understanding about
the origin of MR of nanometer-sized graphene, which provides guidance for further magnetoelectric
property improvement, and paves a way towards specific design of graphene derived spintronic devices

with controllable MR behavior.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetoresistive effect is of great interest in spintronics and
microelectronic applications, such as magnetic sensors, magnetic
random access memory, spin logic and biomolecular diagnostics
[1-5]. Combining the advantages of low weight, low spin-orbit
coupling, high thermal conductivity and nontoxicity, graphene
opens a suitable window for applications in magnetoresistance
(MR) devices [6—11]. MR behaviors of various kinds of graphene-
based materials were studied in recent years [12—14]. Zhi-Min
Liao et al. observed large positive MR effect from few layered gra-
phene stacks, and MR value was anisotropic which relied on the
direction of external magnetic field [15]. The MR effect of graphene-
based material was considered to arise from edge states, which was
regarded as main sources of the intervalley scattering thus causing
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restoration of weak localization (WL) [16,17]. It was confirmed by
many works that introducing more edge states of graphene, such as
creating zig-zag edges and defects, can result in occurrence of
prominent MR behavior [18,19]. Nanometer-sized graphene ob-
tained more localized unpaired spins arising from bonding defects
at edge state, has shown great development prospects for large MR
[20]. Moreover, due to the synergistic effect of quantum confine-
ment and rich heterogeneous interfaces in nanometer-sized gra-
phene, transport properties of electrons and magnetic properties
will be significantly modulated [21—-23]. Recently, Raghav Garg
et al. observed negative MR magnitudes on order of 1%—4% at low
temperature from 3D fuzzy graphene nanostructure. Their work
extended studies about the MR behavior into multidimensional
graphene nanostructures [24]. Controllable transition between
negative and positive MR behavior from one material, which can be
driven by carrier type, voltage, and magnetic field, is a crucial
character for its application in spintronic devices [25—27]. In-
vestigations on the transition of MR behavior can deepen the un-
derstanding of its origin, which is of great concern for further MR
property improvements and applications.
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Herein, we observed temperature driven transition from posi-
tive to negative MR behavior in vertical graphene nanocrystallines
embedded carbon film (denoted as GNC film). That is, in low
temperature, the MRy Vvalues (where MRy presents the
measured MR value) of GNC film are positive and present satura-
tion trend in high magnetic field, which is proposed to arise from
the shrinkage of orbits (wave functions of electrons). With the
temperature increasing, positive MRyota (denoted as MRyotal(+))
gradually decreases and then transforms into negative MRrotal
(denoted as MRrotal(—)). The negative MR is proposed to be
generated by the effect of spin-dependent Coulomb blockade,
which is generated by the enhanced electrons tunneling probability
between graphene nanocrystallines (GNs) and the decreased
resistance. The second transition from negative to positive MRroa;
behavior appears with temperature further increases, the positive
MRrota is unsaturated and linearly increased with B. This is indic-
ative of that the origin of positive MR in this temperature range can
be regarded as effect of Lorentz force. Furthermore, we regulated
the size of GNs in GNC film, and we systematically investigated its
influence on MR behavior. This work brings forth a significant
progress in comprehending of physics of carbon material, it also
extends the employment of GNs into spintronics with tailor-able
MR behavior.

2. Experimental and measurement details
2.1. Synthesis of GNC film

The GNC film was synthesized using ECR plasma sputtering
system (as schematic diagram shows in Fig. s1 in SI). In brief, GNC
film was deposited on silicon substrate by low energy electron
irradiation technique, argon plasma was introduced during GNC
film deposition. The size of GNs in GNC film was controlled by
adjusting electron irradiation energy ranging from 40 eV to 100 eV.
Pure amorphous carbon film was synthesized under 0 eV.

2.2. Sample characterization

The morphology of GNC films were measured using a JEOL-2010
TEM with the electron acceleration voltage of 200 kV. Raman
spectra were collected by HORIBA HR800 laser confocal Raman
spectrometer, by using 514 nm laser (0.1 mW) with a spot of 2 um.
Magnetoresistance characterizations were carried on by a Physical
Property Measurement System (PPMS DynaCool, Quantum Design)
using four-probe-method, in the temperature ranging from 2 K to
400 K and magnetic field with the strength range of +9 T. The
magnetic field was applied perpendicular to GNC film. Magnetic
properties were collected by PPMS in a temperature range from
10 K to 400 K, the diamagnetic contribution of the substrate has
been subtracted from all the data.

3. Results and discussion

The films were deposited on silicon substrate by low energy
electron irradiation technique (the schematic diagram of the sys-
tem is shown in Fig. s1). We varied the electron irradiating energies
(ranging from 0 eV to 100 eV) during film deposition. The mor-
phologies of as deposited films were measured by high-resolution
transmission electron microscopy (HR-TEM), as shown in Fig. 1.
HR-TEM image of film deposited at 0 eV shows a uniform amor-
phous morphology. Some nanocrystallines are observed from the
film deposited at 40 eV, which are embedded in the amorphous
matrix. The lattice spacing of nanocrystalline is about 0.38 nm,
which matches well with the inter-planar distance of (002)
graphite, indicating that nanocrystallines are composed of few-

layer graphene [28]. Moreover, the average size of the graphene
nanocrystallines (GNs) increase as the electron irradiating energy
enhances. The insets in Fig. 1 (b)-(e) present the size distribution of
GNs in the film, wherein the average size (Rayg) of GNs are about
3.7 nm (40 eV), 5.5 nm (60 eV), 6.7 nm (80 eV) and 10.5 nm
(100 eV), these samples are denoted as GNC-3.7 nm, GNC-5.5 nm,
GNC-6.7 nm and GNC-10.5 nm, respectively. Thickness of the film is
around 70 nm, as shown in Fig. s2. The enlarged side view image in
Fig. 1 (f) shows that GNs are vertically aligned on the Si substrate.

Fig. 2 shows Raman spectra of films prepared with different
electron irradiation energies. Raman spectrum of film prepared at
irradiation energy of 0 eV exhibits board band from 1200 to
1800 cm™ ', furthermore, characteristic peak of 2D mode at round
2700 cm™! is not observed, confirming the absence of graphene in
this film. When the electron irradiation energy increases up to
40 eV, typical D peak, G peak and 2D peak are observed at wave-
lengths of 1347 cm™', 1600 cm™! and 2680 cm™, respectively. The
observed strong D peak in Raman spectrum reveals the defects in
GNC film, which are generated by the rich edge states of GNs [29].
As shown in Fig. 2 (b), intensity ratio of G and D modes Ip/Ig
gradually increases for GNC film prepared under higher irradiation
energy (detailed fitting results are shown in Fig. s3), indicating the
existence of more graphene edges in GNC film [30]. These results
are in accordance with the HR-TEM images.

Temperature dependence of the resistivity (p — T) for GNC films
and amorphous carbon film are measured using four-probe-
method as schematic diagram shows in Fig. s4 (a). The p—T
curves of GNC-3.7 nm, GNC-5.5 nm, GNC-6.7 nm and GNC-10.5 nm
samples are given in Fig. 3 (a)-(d), and the p — T curve of amor-
phous carbon film is shown in Fig. s4 (b). Decreases in resistivity
with increasing temperature in the absence of magnetic field and
9 T are observed for all samples. Moreover, as represented in insets
of Fig. 3 and Fig. s5, In(p) dates of all GNC films with different GN
sizes are more in accordance with T~ in the 2—150 K temperature
range, claiming MOTT-VRH conduction. Nevertheless, for each GNC
film, when the temperature increases from 2-50 K to 50—150 K, it is
observed that R-square values of linear fitting results from In(p) vs.
T-14 (MOTT-VRH) shows decrease tendency, whereas R-square
from In(p) vs. T-"/2 (ES-VRH) shows increase tendency. This phe-
nomenon point to the trend of Coulomb interaction with temper-
ature increases within the temperature range from 50 to 150 K.
According to Mott’s VRH theory, low temperature electron trans-
port occurs via tunnel hopping near the Fermi level between the
localized states in GNC films [31,32]. As a comparison, the transport
properties of pure carbon film was investigated by plotting In(p) vs.
T~ and T-'7, as shown in Fig. s6. The curve for pure carbon film
fit very well with T —1/2 behavior, rather than that with T*1/4,
indicating that pure amorphous carbon film is more in accordance
with ES-VRH conduction. These results demonstrate that the
transport properties of carbon film are dramatically changed by
introducing GNs.

MR as a function of magnetic field strength (from -9 Tto 9 T) at
different temperatures for GNC films and bare amorphous carbon
film are investigated. Herein, MR is defined as:

_pB) —p(0)
MR_ip(O) (1

where B is the applied magnetic field, p(0) and p(B) are resistivities
of film in the presence and absence of magnetic field, respectively
[33].

Fig. 4 and Fig. 6 (a) present MRpota) Value as a function of tem-
perature and magnetic field of GNC films. It is observed that with
the temperature increases, MRrota Values of GNC film samples are
characterized with gradual transition from positive to negative (the
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Fig. 1. High-resolution transmission electron microscopy (HR-TEM) images from the top view of GNC film prepared at different electron irradiating energies (a) 0 eV; (b) 40 eV; (c)
60 eV; (d) 80 eV; (e) 100 eV; the insets are measured size distribution histogram of GNs in each film; (f) enlarged side view of HR-TEM image at the interface of GNC film and Si

substrate. (A colour version of this figure can be viewed online.)

(@ o (b)
G 16}
e 100ev 2D
=5
Sl _Nn__wov | o]
1 MJ\,_ o
g 60 e ;
) 14}
= 40 eV ;
— N.__ OeVv *
1200 1600 2000 2400 2800 3200 40 60 80 100

Raman Shifts (cm™)

Irradiation Energy (eV)

Fig. 2. (a) Raman spectra; (b) intensity ratio of G and D modes Ip/I¢ of films prepared by low energy electron irradiation technique with different electron irradiation energy ranging

from 0 eV to 100 eV. (A colour version of this figure can be viewed online.)

first transition), then MRrota; Values switch from negative to posi-
tive (the second transition) as temperature further increases.
However, these two thermal driven transitions of MRy, values are
not observed in pure amorphous carbon film (as shown in Fig. s7),
indicating the transitions of MRyota) behavior are attributed to GNs.
At 2 K and 9T, MRrotal (+) values of GNC-3.7 nm, GNC-5.5 nm, GNC-
6.7 nm and GNC-10.5 nm are around 8.1%, 3.8%, 3.5% and 2.3%,
respectively. These results indicate that the film with smaller GNs
has larger MRrota(+).

MR1ota; behavior can be regarded as a sum of contributions of
wave function shrinkage effect (MRwgs (+)), spin-dependent
Coulomb blockade effect (MRspcg (—)) and Lorentz force (MR
(+)), each of which play dominant roles in low, medium and high
temperature ranges, respectively, as following:
MRrotal = MRwrs (+) + MRspcp (=) + MRg (+) (2)

Low-temperature positive MR may arise from the wave function
shrinkage in a perpendicular magnetic field (MRwgs (+)). Above p—
T curves describe that low-temperature (ranging from 2 K to 50 K)
conductivity of GNC film samples follow the Mott-VRH model,

which features as overlapped wave functions with each other of the
localized electronic states. MRwgs (+) is a consequence of fact that
applying a magnetic field will contract wave functions of electrons
and reduce the overlap states, consequently decrease the electron
hopping probability between these two states. Typically, in this
situation, p(0) and p(B) follow the relationship below [34,35]:

In weak magnetic field (below characteristic field):

pPB) o s

In==—~ o« B“-T 3 3
»(0) ®)
In strong magnetic field (above characteristic field):

n?® . gty (4)

r(0)

where B is the magnetic field, T is the temperature. Fig. 4 (az)-(d)
show the plot of In(p(B)/p(0)) vs. B2 of GNC films at 2 K. The In(p (B)/
p (0)) values of GNC films linearly increase with B up to their
characteristic field (MR tends to be saturated in magnetic field
above the characteristic field). Moreover, with the increasing size of
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GNs in GNC-3.7 nm, GNC-5.5 nm, GNC-6.7 nm and GNC-10.5 nm,
MRrotal (+) decreases from 8.1% to 2.3%, which is due to the
enlarged overlapped wave functions of localized electronic states in
GNs. As shown in Fig. 4 (a3)-(d3), the linearity between In(p(B)/p(0))
values and B'? exists in magnetic field above characteristic field.
These results are qualitative in agreement with the wave function
shrinkage theory. Another positive contribution to MRyog at 2 K
may be the spin effects in strongly localized systems. As can be
observed from Fig. 4, MR values of our samples present linear
dependence at lower magnetic fields and show trend of saturation
as magnetic field increases. According to Kurobe and Kaminura’s
results [36], in consideration of Coulomb repulsion, states at the
Fermi level may be singly occupied, doubly occupied or unoccu-
pied. Spins will be aligned by external magnetic field, which causes
in more difficult hopping between these states due to spin ex-
change and results in positive MR. In high magnetic field, all of the
spins are aligned and MR behavior tends to be saturated.

As shown in Figs. 4 and 6 (a), a transition from MRyt (+) to
MRrotal (—) appears when temperature reaches ~27 K (GNC-
3.7 nm), ~10 K (GNC-5.5 nm), ~9 K (GNC-6.7 nm) and ~6 K (GNC-
10.5 nm). The contribution of MR (—) becomes more pronounced as
temperature rises, until up to the second transition temperature.

We propose the spin-dependent Coulomb blockade effect as a
feasible mechanism for producing negative MR (MRspcp (—)). As
temperature increases, the thermally activated electrons tunneling
induced conductance is realized near the Fermi level (VRH) be-
tween the localized states [37]. We explored the magnetic prop-
erties of GNC film and the results are shown in Fig. 5. Fig. 5 (a)
shows the magnetic properties of GNC film collected at various
temperatures, indicating that the GNC film exhibits ferromagnetic

hysteresis behavior in the temperatures ranging from 10 K to 400 K.
Moreover, as shown in Fig. 5 (b), we note that ferromagnetic
moment of the GNC film decreases as temperature increases, sug-
gesting a suppression of magnetic order by thermal disturbance.
Owing to the spin-dependent Coulomb blockade effect, resistivity
of GNC film decreases with lower scattering rate of the conducting
electrons dominated by magnetic moment orientation varied from
random to order in a magnetic field [38—40].

Moreover, as clearly shown in Fig. 6 (a), GNC film with larger
GNs has larger MR (-), leading to lower first transition temperature
and higher second transition temperature. As the average size of
GNs increases according to the enhancement of electron irradiation
energy, their average distance between GNs barely changes (see
Fig. s8). Therefore, larger MR(—) can be considered as the conse-
quence of higher hopping probability between larger GNs. The
potential of GN increases AE when it gains each of electrons, hop-
ping conduction electrons will have to surmount the potential
barrier to enter the GN. Thus, electron tunneling probability is
affected by the potential barrier. AE is inversely proportional to the
size of GN as the relationship below [41]:

e2

E= 2megeR (%)
where e is the elementary charge, ¢ and ¢, are the values of
permittivity of vacuum and the dielectric constant of the material, R
is the size of nanocrystalline. AE of GNC film with larger GNs is
smaller, resulting in higher electron tunneling probability and more
prominent MRspcg (—), as schematic diagram shows in Fig. 6 (b).
Nevertheless, as evidenced by above magnetic measurement
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results that magnetic order decreases as temperature increases, also the reason why transition from MRyotar (—) to MRrota ()
where the decrease of spin-dependent electron tunneling is behavior appears as the temperature further increases.
indistinctive and the donation of MRspcg (—) becomes feeble, this is The following transition from MRyqta1 (—) into MRyqgar (+) occurs
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while temperature increases up to ~160 K (GNC-3.7 nm), ~210 K
(GNC-5.5 nm), ~210 K (GNC-6.7 nm) and ~300 K (GNC-10.5 nm).
The origin of positive MR in this temperature range can be regarded
as effect of Lorentz force (MR (+)). Typically, at high magnetic
field regime, MRyota) Curves present non-saturating linear trend vs.
B, as shown in Fig. s9. Under magnetic field at a higher temperature,
the Lorentz force would curve path of carriers and result in an
increased resistance eventually, this linear MRy vs. B was also
previously observed in multilayer graphene [42,43].

Our experimental findings clearly demonstrate that GNC film
exhibits temperature controllable magneto-transport properties.
The MR behavior of GNC film can be synergistically tuned by the
size of GNs and temperature, which provides important insights
and guidance for targeted regulation to design sign adjustable and
efficient magneto-electronic devices. Moreover, in our study, the
carbon film consists of nano-sized magnetic GNs and amorphous
carbon matrix. Since the electric conductivity of amorphous carbon
matrix is much lower than GNs, the analogy of spin-related hop-
ping mode was introduced to understand the origin and the
crossover between MR(+) and MR(-), as well as its dependency on
the GN sizes. From this work, we can so far establish a basic
framework, not perfect but close enough, for a general start of truly
understanding the MR behaviors of GNC film. Thinking further,
there are other features might also have influences, such as the
distance between GNs, stacking layer-to-in plane size ratio, or even
the contribution from amorphous matrix. Further investigations
are in demand to reveal the answers.

4. Conclusion

In this work, we observe two thermal driven sign changes of MR
value from positive to negative and various magneto-transport
behaviors in GNC films. We propose that the sign changes come
from the competitions among different origins including wave
function shrinkage, spin-dependent Coulomb blockade and Lorentz
force, which play dominant roles in low, medium and high tem-
peratures, respectively. At low temperature (2 K), MRyota (+) are
obtained from GNC films, the In(p(B)/p(0)) values of the films lin-
early increases with B? in low magnetic field, linearly increases
with B3 and presents saturated trend in strong magnetic field.
Based on above fitting results, we propose the MR (+) is derived
from the effect of wave function shrinkage. As the temperature
increases, the first transition from MRy (4) to MRrotar (—) ap-
pears. We infer from these results that the MR (—) can be attributed
to effect of spin-dependent Coulomb blockade effect. Moreover, it is

found that GNC film with larger GNs indicates larger MR (—) value
in a wide temperature range. This phenomenon is attributed to
lower potential increasement AE induced by large GN, resulting in
higher electron tunneling probability. As the temperature further
increases, the second transition from MRrota) (—) to MRrota) (+) is
detected, which is unsaturated and linearly increased with B. The
MR (+) at high temperature can be regarded as effect of Lorentz
force. This investigation shed light on the physical comprehension
of electron transport property and MR behavior of graphene
nanocrystalline based film, it also provided theoretical guidance for
further design of spin electric devices with temperature-controlled
MR signal, and expanded the application prospects of graphene
derived materials in the field of magnetic sensors and magnetic
logic devices.
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