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A B S T R A C T

Present experimentation reports the interaction between graphene and transition Metal (Fe, Co and Ni), in the
context of ferromagnetism. Fe-Graphene, Co-Graphene and Ni-Graphene samples were prepared by simple ex-
situ approach followed by probe-sonication technique. The prepared samples were characterized by X-ray dif-
fraction (XRD) technique and Scanning Electron Microscope (SEM) analysis. To study magnetic properties of
prepared samples, few tests were performed namely Vibrating Sample Magnetometer (VSM) technique,
Magnetoconductance Study, Temperature-dependent Magnetization Measurements and Large positive
Magnetoresistance Study. Results obtained were analyzed specially in the context of Spin-Field Effect Transistor
(s-FET) application.

1. Introduction

In scientific community, graphene is well accepted class of material
which has important features as light weight, good transport properties
and ease of synthesis. Spintronics is rapidly emerging area of research,
which deals with the use of electron spin degree of freedom instead of/
in addition to electrical charge of electron. However, spin-polarization
is very important condition for spintronics application which can easily
be achieved by using ferromagnetic materials. The transition metals Fe
(3d6s2), Co (3d7s2) and Ni (3d8s2) are partially filled d-block element
and also well-known ferromagnets at room temperature. In metal spin
relaxation time and length is very short, whereas it is long in semi-
conductors [1].

Graphene-based spintronics is comparatively a new field of research
and development. Recently, scientific community has seen noteworthy
progress in spintronics technology. The graphene-based materials are
the potential category of materials for spintronics application for the
reasons mentioned below,

• Graphene based magnetic materials have long spin lifetime and
diffusion length [2].

• Graphene is a very promising spin channel material, as it shows
room temperature spin transport with long spin diffusion lengths up
to several micrometers [3].

• Graphene has special motivating physical property i.e. tunable

carrier concentration and high electronic mobility through Gate
Voltage [4].

• Graphene has high electron mobility (about ten times higher)
compared to commercial silicon wafers. It has long spin-relaxation
length and ballistic transport characteristics (electrons can travel
300 nm or more without scattering) [5–9].

• Above characteristics of graphene facilitates huge scope to develop
the spin-polarized devices, mainly spin-Field Effect Transistors.
Therefore, scientists have concentrated on developing efficient
magnetically active graphene based spintronics materials. Use of
graphene based ferromagnetic materials for spintronics application
needs an insight about the behavior of magnetic properties at the
interfaces of graphene and Fe, Co and Ni nanocrystallite [10–12].

Therefore, in this primary research attempt of magnetic behavior of
Fe, Co and Ni loaded Graphene nanosheets has been studied for future
spintronics applications specially Spin-Field Effect Transistors. With
this in mind, different tests as Vibrating Sample Magnetometer (VSM)
Measurements, Magnetoconductance Study, Temperature dependent
Magnetization Measurements, Large positive Magnetoresistance Study
were performed and their results were studied to understand the fer-
romagnetic behavior of samples (Fe, Co, Ni – Graphene) for spintronics
application.
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2. Experimentation

2.1. Synthesis of (Fe, Co & Ni-Graphene) nanosheets

Fig. 1 depicts the synthesis procedure of (Fe, Co & Ni-Graphene)
nanosheets. Graphene used in this work is obtained by using previously
reported method [13]. Firstly, to synthesize Fe-Graphene, 50 g of gra-
phene sheets were dissolved in 100 ml acetic acid under magnetic
stirring for 30 min. Secondly, the suspension of Fe-Graphene and acetic
acid was subjected to probe-sonication for 1 h. Thirdly, 0.5 mg of Fe
(NO3)3 was dissolved in 10 ml of acetic acid, which was added in
former solution drop by drop under constant magnetic stirring for
30 min. The resultant suspension then was subjected to probe-sonica-
tion for 1 h. The final solution was then filtered and washed several
times by deionized water to remove the impurities. Finally, black co-
lored precipitate was collected and dried at 100 °C in oven.

The same procedure was adopted for the preparation of Co-
Graphene and Ni-Graphene using precursors Co(NO3)2 and Ni(NO3)2,
respectively. The schematic synthesis process of Fe-Graphene na-
nosheets shown in Fig. 1. Temperature conditioning was employed to
all the three final products to form homogeneous magnetic system. The
final product of all three samples were kept for heating in the tem-
perature range of 100–500 °C in stepwise manner with an interval of
100 °C. At each fixed value of temperature, sample was heated for
60 min. Similarly, the sample was allowed to cool at 400, 300, 200 and
100 °C each for 60 min.

2.2. Characterization methods

The structural study of Fe-Graphene, Co-Graphene and Ni-Graphene
nanosheets were executed using X-ray diffraction (XRD) analysis with
Rigaku Miniflex XRD set up CuKα radiation (λ = 1.5406 Å).
Transmission electron microscopy with selected area diffraction pattern
analysis was captured using TEM-Tecnai F-30107; Philips. The surface
topography of Fe-Graphene, Co-Graphene and Ni-Graphene nanosheets
was investigated by field emission scanning electron microscopy
(FESEM) by using Scanning Electron Microscopy instrument, Model:
ZEISS SIGMA operating at 5 kV ETH voltage. In addition to XRD and
SEM analysis, elemental composition analysis was performed by using
an energy dispersive X-ray analysis (EDAX) instrument, Model: EAG
AN461.

To explore the ferromagnetic behavior of Fe-Graphene, Co-

Graphene and Ni-Graphene nanosheets, Vibrating Sample
Magnetometer (VSM) technique was employed at room temperature
using VSM set up (Quantum Design Model- PAR 155) having specifi-
cations as Range: 0.00001 to 10,000 emu and Magnetic field: −10 to
+10 kOe. To study ferromagnetic behavior in detail, the temperature
dependent magnetization measurements with zero field cooled (ZFC)
and field cooled (FC) condition were performed at 1000 Oe magnetic
field strength using special Vibrating Sample Magnetometer (Lake
Shore-7410) with temperature range −4.2 K to 1273 K. In the mag-
netoconductance measurement process, the material under study was
mounted in cryostat-Janis CCS-350s, which was positioned between the
pole pieces of an electromagnet (Lakeshore EM647). The magnetic field
with the maximum strength of 20 kOe was applied and measured by
Gauss Meter, Lakeshore 421 kept close to the material. The curren-
t–voltage characteristics was measured by a Keithley 2400 Source
Meter and used further for the calculation of magnetoconductance.

Using Hall measurements, transport properties of samples were
determined. The magnetoresistance (MR) was measured using direct
current (Van der Pau method) at room temperature in the magnetic
fields at around 0.5 T. For MR measurement, thin films of samples were
prepared using spin coating technique with thickness ranging between
268 and 285 nm. MR is defined as, MR (%) = [(RB − R0)/R0] × 100
where R0 is the initial sample resistance and RB is its resistance in the
magnetic field.

3. Results and discussion

3.1. Structural and morphological study of graphene

Fig. 2(a) depicts the XRD pattern of graphene, which comprises the
signature peaks of graphene at 26.3° and 44.2° corresponds to plans
(002) and (100), respectively. Whereas the inset of figure shows the
Raman spectra of graphene. This spectrum also comprises the char-
acteristics bands of graphene, D band (~1300 cm−1), G band
(~1580 cm−1), and 2D band (~2720 cm−1) [14]. Fig. 2(b) shows the
TEM image of pure graphene with selected area diffraction pattern
(inset). Inset shows a well-defined hexagonal array indicating structural
purity of planes in graphene and also indicates graphene does not have
a large number of sheets. The XRD, Raman and TEM analysis of gra-
phene obtained in present study has structural purity.

Fig. 1. Schematic synthesis process of Fe-Graphene nanosheets.
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3.2. XRD analysis of composites

Fig. 3(a–c) shows the XRD pattern of Fe-Graphene, Co-Graphene
and Ni-Graphene nanosheets, respectively. All three XRD patterns
comprise two broad peaks, (002) and (100), which are signature peaks
of graphene at 2θ positions of 26.3° and 44.2°. The corresponding peaks
of graphene are in good agreement with recently reported work in lit-
erature [15,16]. No significant peak appears for the Fe, Co and Ni,
which indicates that the orientation of graphene layers is not greatly
influenced by nanocrystallites Fe, Co and Ni. The discernible peak at
26.42° in XRD of Fe-graphene composite as shoulder peak is the in-
dication of formation of iron oxide nano-island. The previous report of
Narayanaswamy et al demonstrated that the oxidation behavior of Fe
can be controlled by the concentration of graphene in composite [17].

3.3. SEM study

Fig. 4(a–c) shows the SEM images and elemental X-ray mapping of
(a) Fe-Graphene (b) Co-Graphene and (c) Ni-Graphene. The SEM image

confirms that nanocrystallites Fe, Co and Ni are uniformly distributed
over the graphene surface. No significant agglomeration observed in
SEM micrographs. The elemental analysis was done using EDAX

Fig. 2. (a) XRD pattern of pristine graphene. Inset of image shows Raman spectra of graphene. (b) TEM image of graphene and inset displays selected area diffraction
pattern.

Fig. 3. XRD patterns of (a) Fe-Graphene, (b) Co-Graphene and (b) Ni-Graphene.

Fig. 4. SEM images and elemental X-ray mapping of (a) Fe-Graphene (b) Co-
Graphene and (c) Ni-Graphene.
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spectroscopy. The elemental analysis also confirms that nanocrystallites
Fe, Co and Ni are distributed over the graphene surface. In present
work, as the Fe, Co and Ni nanoparticles adsorbed by graphene results
in formation of an electron transport channel between Fe, Co and Ni
nanoparticles and graphene. In this type of materials, electron mobility
proportional to surface electron concentration and the diameter of
adsorbed atoms [18].

3.4. Magnetic characteristics

3.4.1. Vibrating sample magnetometer (VSM) measurements
Theoretically, the pristine graphene is diamagnetic in nature due to

sp2 hybridization. In the present study, obtained graphene synthesized
using electrochemical exfoliation of graphite, which definitely com-
prises some defects, which imprint magnetic features into graphene
[19]. Therefore, graphene used in present study shows weaken mag-
netic behavior. Fig. 5 shows the hysteresis loops of pristine graphene,
Fe-Graphene, Co-Graphene and Ni-Graphene nanosheets, which were
obtained at room temperature (298 K). The well-defined hysteresis
curves indicate that good ferromagnetic ordering with considerably
large coercivity was observed in Fe-Graphene, Co-Graphene and Ni-
Graphene nanosheets. The values of coercivity, remanant magnetiza-
tion and saturation magnetization estimated from hysteresis loops are
presented in Table 1.

Fig. 4 and the values of coercivity (Hc), remanant magnetization
(Mr) and saturation magnetization (Ms) listed in Table 1 for Fe-Gra-
phene, Co-Graphene and Ni-Graphene nanosheets clearly indicates that
synthesized materials exhibit ferromagnetic behavior. Actually, the
presence of intrinsic magnetism in sp2 hybridized pure graphene has
been a controversial topic [20]. In literature, few reports show that
graphene exhibit uncommon magnetic properties including spin glass
and magnetic switching application due the edge states arising from the
nonbonding electrons [21,22]. The origin of magnetism in pristine
graphene comes only due to the local states introduced by defects and

molecular adsorption [23,24]. Kaur et al [25] and Wang et al. [26]
studied that graphene may become magnetically active by removing the
functional groups like eOH, eCOOH, eOe and eC]O, which in-
troduce the point defects and extended defects. In this way, graphene
may become magnetically active.

The presence of ferromagnetic behavior in nanosheets assigned to
creation of more defective sites in graphene sheets due to addition of
Fe, Co and Ni nanocrystallites. Due to the presence of Fe, Co and Ni
clusters, nanosheets may exhibit the strong exchange interaction with
ions and result in ferromagnetism. Abtew et al. [27] shows that spatial
overlap, energy and symmetry matching between transition metals-dz2

and C-pz orbitals results in good magnetic characteristics. In addition,
the work of Abtew et al and co-worker demonstrated that charge
transfer of 0.05e per C atom from Co to graphene and 0.07e per C atom
from Ni to graphene induced ferromagnetism in graphene sheets.

The gradual increase in the values of remanant magnetization, sa-
turation magnetization and area under the hysteresis loop of Fe-
Graphene, Co-Graphene and Ni-Graphene nanosheets, clearly indicate
that the ferromagnetism observed in samples was largely due to the
outcome of charge transfer from Fe, Co and Ni to graphene and small
due to intrinsic defects present in the graphene [28].

3.4.2. Magnetoconductance study
Fig. 6 depicts the magnetoconductance curve of Fe-Graphene, Co-

Graphene and Ni-Graphene nanosheets as a function of the magnetic
field at room temperature (298 K). The magnetoconductance is very
important tool to identify microscopic behavior of ferromagnetic
system. This parameter is used to identify the scattering centers present
in the sample [28]. The magnetoconductance shows positive value on
entire scale of magnetic field at room temperature (298 K). The mag-
netoconductance in Fe-Graphene, Co-Graphene and Ni-Graphene na-
nosheets is attributed to weak spin-orbit coupling. The magneto-
conductance curve does not comprise any peak in low magnetic field
[29,30], which indicates that the contribution of intrinsic impurities or
defects present in the graphene in magnetoconductance are negligible.
In this case, it is due to the interaction between conduction electrons
and potential barrier at the graphene and Fe, Co, Ni interface. The
magnetoconductance curve with no peak is an indication of good
quality interface formed between graphene and Fe, Co, Ni nanocrys-
tallite. As the concentration of Fe, Co, Ni nanocrystallite in graphene is
very less, magnetoconduction has happened through graphene.

3.4.3. Temperature dependent magnetization Measurements
Fig. 7(a–c) depicts the temperature dependent magnetization data

recorded under zero field cooled (ZFC) and field cooled (FC) conditions

Fig. 5. VSM hysteresis loop of Fe-Graphene, Co-Graphene and Ni-Graphene
nanosheets.

Table 1
The measurement of coercivity (Hc), remanant magnetization (Mr) and sa-
turation magnetization (Ms) of (a) Fe-Graphene, (b) Co-Graphene and (c) Ni-
Graphene nanosheets.

Sample Hc (Gauss) Mr (emu/gm) Ms (emu/gm)

Pristine Graphene 540 0.0754 0.306
Fe-Graphene 535 0.2002 0.682
Co-Graphene 537 0.2002 0.761
Ni-Graphene 534 0.2010 0.816

Fig. 6. Magnetoconductance curve of Fe-Graphene, Co-Graphene and Ni-
Graphene nanosheets as a function of magnetic field at room temperature
(298 K).
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for external magnetic field 1000 Oe in the temperature range of
2–350 K for Fe-Graphene, Co-Graphene and Ni-Graphene nanosheets,
respectively. In case of ZFC curve, Fe-Graphene, Co-Graphene and Ni-
Graphene nanosheets show magnetization peaks at around 10 K. After
300 K, magnetization gradually drops up to 350 K. Similarly, FC curve
shows no peak around 10 K with higher value of magnetization. The FC
curve also shows gradual decrease in magnetization after 300 K. The
slight difference in ZFC and FC data over the temperature range may be
ascribed to the existence of small amount of magnetic inhomogeneous
phase in prepared samples [31]. This type of behavior of samples is
useful in spintronics and spin-glass application [32–35].

3.4.4. Large positive magnetoresistance study
Fig. 8 displays the magnetoresistance (MR) of Fe-Graphene, Co-

Graphene and Ni-Graphene nanosheets versus magnetic field at a room
temperature (298 K). The maximum value of MR around 94.87% was
associated with Fe-Graphene sample, whereas minimum value of MR
was 61.43% for Co-Graphene sample. All the measured MR values were
positive, having quadratic magnetic field dependence behavior up to
0.05 T. Further, the MR values shows nearly linear dependence in the
fields up to 0.5 T. The higher value of MR in Fe-Graphene sample is
attributed to the process of hydrolysis of ferric nitrate, which produces
islands of iron hydroxide and iron oxide on graphene surface [36].
These islands influenced the transport properties of graphene, similar to
nanodiamonds work on graphene surface. These islands on graphene
follow sp3 configuration, which significantly alters the conductivity of
sample [37]. In the present work, we conclude that ex-situ approach of

Fe-Graphene, Co-Graphene and Ni-Graphene composite preparation
create the islands of respective metal hydroxide and their oxide. Pre-
sently, we confirmed it from TEM and SEM images of pure graphene
and composite. The comparative study of different ferromagnetic ma-
terials presented in Table 2, which are suitable for spintronic applica-
tions reported in the literature.

In the light of above discussion, it is observed that Co-Graphene is
quite good material as ferromagnetic contacts in Spin-Field Effect

Fig. 7. Magnetization (Ms) as a function of temperature (a) Fe-Graphene, (b) Co-Graphene and (c) Ni-Graphene nanosheets measured under zero field cooled (ZFC)
and field cooled (FC) condition under 1000 Oe magnetic field strength.

Fig. 8. The MR (%) of Fe-Graphene, Co-Graphene and Ni-Graphene nanosheets
versus magnetic field at a room temperature.
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Transistor (s-FET) application. Because, the origin of ferromagnetism
between graphene and Co is due to electronic structure modifications.
The US patent designed and published by Kelber et al shows that the
charge current induces a spin current in the graphene, and it can be
measured easily using spin selective cobalt electrodes. This work ac-
complishes that Graphene deposited over the Cobalt acts like efficient
source and drain in field effect transistor. The fabricated spin- field
effect transistor device shows durability, low power consumption, rapid
switching action at room temperature [44].

In s-FET following three processes are extremely important,

Injection of spin polarized current of electron through the 2-di-
mentional electron gas channel from FM contacts (Source).
Transport of electrons through 2-dimentional electron gas channel
without losing the spin direction
Detection of spin polarized current into FM contact (Drain).

In the working of s-FET, first and third process purely depends on
quality of ferromagnetic materials, as it is used as ferromagnetic con-
tacts (Source and Drain) in s-FET application. The 2-dimentional elec-
tron gas channel is heavily doped n-type silicon wafer, it has good
compatibility with magnetically active Co-Graphene ferromagnetic
material.

4. Conclusions

In summary, Fe, Co and Ni loaded Graphene explores the induced
magnetism due to the charge transfer effect between graphene and Fe,
Co, Ni interfaces. The VSM measurement shows that coercivity, re-
manant magnetization and saturation magnetization of Fe-Graphene,
Co-Graphene and Ni-Graphene nanosheets show significant enhance-
ment over the pure graphene. The magnetoconductance study discloses
that the contribution of intrinsic impurities or defects present in the
graphene in magnetoconductance is negligible. The ZFC and FC data
shows that the small amount of magnetic inhomogeneous phase is
present in prepared samples, which is useful in spintronics and spin-
glass application. All samples show positive magnetoresistance having
quadratic magnetic field dependence behavior up to 0.05 T and then
linear dependence in the fields up to 0.5 T. The study reveals that Co-
Graphene is quite good ferromagnetic material as Source and Drain
contact application in s-FET.
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