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a b s t r a c t

We report a magnetostrictive friction phenomenon in atomic force microscopy (AFM) silicon probe
sliding against graphene sheets embedded carbon (GSEC) film under external magnetic field. A special
electromagnet device was designed on AFM to generate controllable magnetic field for the magneto-
strictive friction measurements. GSEC films possessing self-magnetism were prepared by electron irra-
diation in electron cyclotron resonance (ECR) plasma. The magnetostrictive friction was investigated by
adjusting the external magnetic field intensity and self-magnetism of the film. The results showed that
the presence of the magnetic field resulted in an evident increment of the friction force of GSEC films
with different magnetism, while the friction of nonmagnetic silicon wafer was not affected, indicating
that the interaction between external magnetic field and the self-magnetism of the carbon film con-
tributes to the friction increment, i.e. magnetostrictive friction. The mechanism of the magnetostrictive
friction was ascribed to the atomic scale real contact area increment induced by the magnetostrictive
strain of the graphene sheets. This finding may shed light on the new applications of magnetostrictive
friction of carbon film.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Although micro-/nano-electromechanical systems (MEMS/
NEMS) are known for decades, the tribological issues are yet the
main challenge for the durable operation of MEMS/NEMS having
parts in relative motion [1,2]. Therefore, control of friction andwear
is essential for the development of contact MEMS/NEMS [3,4].
Nowadays, with the rapid development of electromagnetic tech-
niques, an increasing number of MEMS/NEMS devices are working
under an electromagnetic field [5e7], which brings new challenges
for the tribological performance of these devices. The role of
external magnetic field on the tribological properties of magnetic
materials has been explored by numerous researchers [8e10]. Ac-
cording to previous studies, the magnetic field can influence fric-
tion in a variety of ways, including the generation of oxide film on
the worn surface [11], lubrication of the wear debris [12], and
magnetostriction effect [13]. However, present studies on the
tribological properties under magnetic field are mainly conducted
at the macroscale. There have been very few experimental in-
vestigations on the effect of magnetic field on the nanoscale
friction. At nanoscale, the magnetic field-induced weak physical
effects could have substantial effect on the mechanical and fric-
tional behavior of the contact solids [14,15], which should be
carefully considered while designing MEMS/NEMS. On the other
hand, understanding such effect is beneficial to develop new
methods to control nanoscale friction, which is a great deal of in-
terest for improving the durability of MEMS/NEMS.

Owing to their excellent tribological characteristics, carbon-
based materials have been increasingly regarded as ideal solid lu-
bricants in MEMS/NEMS [16e18]. Especially since the discovery of
graphene, it has received significant research attention in tribology
due to its outstanding mechanical strength and friction reducing
capabilities [19e21]. The frictional behavior of graphene is found to
be affected by many factors, such as layer number [22,23], surface
chemistry [24], sliding direction and speed [25,26], temperature
[27], external strain [28,29], electric field [30]. Nevertheless, how to
predictably control the friction of graphene remains a challenge in
taking advantage of its promising properties. In the past few years,
numerous works have proved the magnetism of graphene induced
by unique electronic structures localized at topological defects or at
special edges [31,32]. Besides, experimental and theoretical works
predicted the magnetostriction effect of graphene in the presence
of external magnetic field [33e35]. These findings provide a new
possible approach to control the nano-friction of graphene-based
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materials by magnetic field. Recently, our group found room-
temperature magnetism of graphene sheets embedded carbon
(GSEC) films prepared by electron irradiation assisted physical va-
por deposition in electron cyclotron resonance plasma (ECR), which
is induced by the spin magnetic moment at the edge of graphene
sheets [36,37]. Moreover, this type of film also exhibited good
tribological properties, making it a potential solid lubricant in
MEMS/NEMS [38,39]. Therefore, it is of interest to investigate the
nano-frictional behavior of GSEC film under external magnetic
field.

Herein, an electromagnet was specially designed to perform
atomic force microscopy (AFM) friction test under a controllable
magnetic field. GSEC films were prepared with different electron
irradiation energy in the ECR system to modulate the self-
magnetism of the films. The nano-friction force of the AFM sili-
con probe sliding against GSEC film was measured under magnetic
field. An evident friction increment of the GSEC films under the
magnetic field was observed, i.e. magnetostrictive friction. The in-
fluence of external magnetic field intensity and self-magnetism of
the film on the magnetostrictive friction was investigated. Further
analysis was conducted to discuss the mechanism of the magne-
tostrictive friction effect.

2. Experimental details

2.1. Preparation of the GSEC film

The film was fabricated by using the low energy electron irra-
diation technique of an ECR plasma sputtering system. Detailed
descriptions of the ECR system and the electron irradiation prin-
ciple have been reported in our previous works [40], which are
illustrated in Fig. S1. The film was deposited on silicon wafer with
size of 20 mm � 20 mm � 0.5 mm, which was cleaned in acetone
and ethanol bath successively by ultrasonic waves. The silicon
wafer was fixed on a substrate holder inside the vacuum chamber
of the ECR system. The pressure of the vacuum chamber was
pumped down to 5 � 10�4 Pa and argon gas was inflated to keep a
working pressure of 4 � 10�2 Pa. Then a stable plasma was
generated by applying the 200 W microwave and magnetic field.
The silicon substrate was bombarded by the argon ions to clean the
surface by applying a negative substrate bias voltage of�50 V. After
that, a bias voltage of �300 V was applied on the carbon target to
generate carbon atoms for the film growth. During the deposition
process, by tuning the substrate bias voltage, low electron irradia-
tion with energy of 50, 100, and 150 eV was introduced to fabricate
GSEC films. The deposition timewas 25 min and the thickness of all
the films was about 100 nm.

2.2. Characterization of materials

The nanostructures of the GSEC films were observed by using a
transmission electron microscopy (TEM, JEM-2100) with 200 kV
acceleration voltage. The TEM samples were prepared by scratching
the GSEC film by a diamond pencil and transferring the flakes onto
a copper micro grid. The bonding structures of the carbon films
were characterized by Raman spectroscopy (HORIBA, HR-
Resolution) using a 532 nm laser with spot size of 2 mm for exci-
tation. The magnetic properties of the films were measured by a
superconductivity quantum interference device (SQUID, MPMS-XL-
7) at a constant temperature of 300 K. The magnetic field intensity
was controlled between ±1 T. The surface morphologies of the
samples were measured with atomic force microscopy (AFM,
Dimension Edge, Bruker). Themechanical properties of the samples
were tested by a nanoindenter (Hysitron TI-950) with a Berkovich
diamond indenter with tip radius of 200 nm. The maximum
indentation load for all the tests was 150 mN. The hardness was then
calculated by OliverePharr method and the value was given by
averaging three different measurement results.

2.3. Magnetostrictive friction measurements

Magnetostrictive friction measurements were performed with
AFM (Dimension Edge, Bruker) using a CONTV-A silicon probe with
tip radius of 8 nm. In order to apply external magnetic field during
the measurements, an electromagnet was specially designed and
installed on the sample stage of AFM, as shown in Fig.1a. The size of
the electromagnet was 135 mm� 130 mm� 30 mm, which fits the
dimension of the AFM sample stage. Themagnetic core and a pair of
magnetic heads were made of electrical pure iron (DT-4). Copper
wires were adopted to make the magnetic coils. The electromagnet
was powered by a constant current source which could provide
stable current from 0 A, to apply a continuously adjustable mag-
netic field on the sample starting from 0 mT. Fig. 1b illustrates the
schematics of the magnetostrictive friction measurements on GSEC
films. The sample was placed right between the two heads of the
electromagnet on a 3D-printed sample holder (Material: acrylic
monomer), guaranteeing the friction measurements could be
operated under the magnetic field. The magnetic field was parallel
to the sample surface. During the measurements, the friction force
of an AFM silicon tip sliding against GSEC filmwith self-magnetism
was measured in the presence of external magnetic field.

In order to characterize the magnetic field feature generated by
the designed electromagnet, Ansoft Maxwell package was used to
simulate the magnetic field distribution around the electromagnet.
Fig. 1c shows the normalized magnetic field distribution. It is clear
that the magnetic field is concentrated in the space between the
two heads of the electromagnet and the magnetic field intensity
between the two heads is nearly uniform, indicating that a strong
and uniform magnetic field is present at the place where the
sample is located during the friction test. A gaussmeter was used to
measure the magnetic field intensity around the electromagnet
with different coil current. Fig. 1d plots the magnetic field intensity
as a function of the applying coil current measured at Position I, II,
and III (as shown in the inset figures). Position I is located at the
center between the two heads, Position II is in rear of Position I with
a distance of 1 cm and inside the electromagnet structure, Position
III is on top of Position I with a distance of 1 cm and higher than the
top surface of the electromagnet. The results show that the mag-
netic field intensity increases almost linearly with the increase of
the current at the three positions. Moreover, the intensity at Posi-
tion I is much stronger than those at Position II and III, which
matches quite well with the simulation results. In our friction tests,
the AFM scanner is located on top of the electromagnet. Since the
magnetic field intensity on top of the electromagnet is negligibly
weak and the AFM silicon probe is nonmagnetic, the AFM can be
normally operated without the influence of the applied magnetic
field.

Before the friction measurements, force calibrations of the sili-
con tip were conducted. The normal force was calibrated by the
thermal noise method [41]. The lateral force was calibrated on a
Mikromasch TGF11 silicon grating by the improved wedge cali-
bration method [42]. Details about the lateral force calibration are
described in the Supporting Information (illustrated in Fig. S2). The
friction loopwas obtained by a complete trace and retrace scan over
the same line with a length of 5 mm on the sample surface at a
scanning speed of 1 mm/s. The scanning direction of the tip was
perpendicular to the long axis of the cantilever. The friction force
was then determined by calculating the half difference between the
trace and retrace friction signals. Five repeated friction loop mea-
surements along the same linewere conducted under the same test



Fig. 1. Experimental setup for the magnetostrictive friction measurements. (a) AFM equipped with a specially designed electromagnet. (b) Schematics of the magnetostrictive
friction measurements on GSEC films. (c) Normalized magnetic field distribution around the electromagnet simulated by the Ansoft Maxwell package. (d) Magnetic field intensity as
a function of the coil current measured at three positions with gaussmeter. The inset figures are photographs of the three measurement positions. (A colour version of this figure can
be viewed online.)
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condition to determine the quantitative friction force. All of the
friction tests were carried out at room temperature (25 �C) with
relative humidity of 40%.
3. Results and discussion

3.1. Characterization of the GSEC film

Fig. 2a shows the Raman spectra and TEM image the GSEC film
deposited under electron irradiation energy of 100 eV. The 2D band
near 2700 cm�1, separate D and G bands near 1340 cm�1 and
1600 cm�1 can be clearly observed in the Raman spectrum of the
100 eV irradiation film. The 50 eV and 150 eV irradiation samples
have the similar Raman spectrum (as shown in Fig. S3). Such Raman
spectral feature of the carbon film has been proved to be induced by
the existence of graphene sheets. In the inset TEM image of the film,
graphene nanocrystallites can be clearly observed, containing
several graphene sheets. According to our previous works, the size
of the graphene nanocrystallites in GSEC film becomes larger when
the electron irradiation energy increases, which can be confirmed
by the ratio of D peak intensity to G peak intensity (ID/IG) in the
Raman spectrum [36,37]. To prove this, the D band and G bandwere
fitted with a Lorentzian line and a Breit-Fano-Wagner (BFW) line
[43], respectively. The value of ID/IG was then calculated according
to the decomposed D and G band. It is found the values of ID/IG for
50, 100, and 150 eV irradiation samples are 0.84, 1.04, and 1.50,
respectively, revealing that graphene nanocrystallite size increases
with the irradiation energy. The magnetic properties of the films
were measured by a SQUID MPMS-XL-7 at the constant tempera-
ture of 300 K. The magnetization curves (MeH curves) of samples
are depicted in Fig. 2b and a smaller field region of the curves are
shown in the inset figure. Clear hysteresis loops can be observed for
the three samples, revealing the magnetism of these graphene
sheets embedded carbon films. Such self-magnetism of the film has
been proved to originate from the excess electrons captured by the
edge quantum well of the graphene sheets according to our pre-
vious works [44]. Moreover, saturation magnetizations Ms of the
film becomes larger as the electron irradiation energy increases,
indicating carbon films fabricated with higher electron irradiation
energy exhibit stronger magnetism.
3.2. Friction of non-magnetic silicon under external magnetic field

Since an external electromagnet is equipped on AFM, in order to
further confirm that the normal functions of AFM such as surface
morphology scanning and friction force measurement are not
affected by the magnetic field generated by the electromagnet, a
non-magnetic silicon wafer was scanned by AFM under the
external magnetic field. Friction loops were measured with the
same probe scanning on the surface of the silicon wafer with a



Fig. 2. Nanostructure and magnetism of GSEC film. (a) Raman spectra of the 100 eV irradiation GSEC film marked with the ratio of D band intensity to G band intensity ID/IG. Orange
curve: the initial Raman spectra; green curves: decomposed D and G bands. The inset figure is the plan-view TEM image of the film. (b) Magnetization curves of GSEC films
deposited with different electron irradiation energy (50, 100, and 150 eV). The inset figure shows a smaller field region of the hysteresis loops. (A colour version of this figure can be
viewed online.)
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constant normal force of 19.46 nN under different magnetic field
(intensity: 0, 7.6, 17.0, and 27.4 mT). Fig. 3a shows the friction loops
of the Si wafer measured at 0 mT and 17.0 mT under constant
normal force of 19.46 nN. The applied magnetic field does not bring
noticeable change in the friction loop. Then the quantitative friction
force was calculated by multiplying the lateral force calibration
constant with the mean half difference between trace and retrace
signals. Fig. 3b gives the measured nano-friction force of the silicon
wafer in relation to the applied magnetic field intensity. We can
clearly see that the nano-friction force of the silicon wafer only
shows slight fluctuations with the increment of the magnetic field
intensity, indicating that the friction force of a nonmagnetic silicon
wafer is not affected by the magnetic field. In addition, the surface
morphology of Si was also measured under the magnetic field (as
Fig. 3. Friction of the Si wafer under external magnetic field. (a) Friction loops of the Si
wafer measured with magnetic field intensity of 0 mT and 17.0 mT under normal force
of 19.46 nN. (b) Nano-friction force of the Si wafer as a function of the external
magnetic field intensity with a constant normal force of 19.46 nN. (A colour version of
this figure can be viewed online.)
shown in Fig. S4), and it is found that the surface morphology is not
affected by the magnetic field. The above results demonstrate the
AFM can be normally run under themagnetic field generated by the
electromagnet.
3.3. Magnetostrictive friction of GSEC film with self-magnetism

The nano-friction forces of the GSEC films with self-magnetism
were then measured by the above described AFM equipped with a
specially designed electromagnet. Fig. 4a presents the surface
morphology images of the 100 eV irradiation GSEC film scanned by
the AFM under magnetic field intensity of 0 and 17.0 mT. The
measuredmean surface roughness values of the sample at 0mTand
17.0 mT are 3.15 nm and 3.11 nm, respectively, suggesting the
external magnetic field does not affect the normal operation of AFM
on the magnetic GSEC samples. Then by controlling the external
magnetic field intensity, friction loops of the sample were
measured by the silicon tip over a line with a length of 5 mm at a
scanning speed of 1 mm/s. Fig. 4b shows the friction loops of the
100 eV irradiation GSEC film obtained at 0 mT and 17.0 mT under
constant normal force of 19.46 nN. Comparing the two friction
loops, it is obvious that the difference between the trace and retrace
friction signals increases when external magnetic field with in-
tensity of 17.0 mT is applied during the test, implying that the
applied magnetic field increases the friction force of the magnetic
GSEC film. To quantitatively evaluate the effect of magnetic field on
the frictional behavior of the GSEC film, the friction force was
calculated by averaging the values measured by repeating the
friction test five times with the same magnetic field intensity.
Fig. 4c gives the friction force of 100 eV irradiation GSEC film in
relation to the applied magnetic field intensity under normal force
of 19.46 nN. We can clearly find that the external magnetic field
strengthens the nano-friction of the magnetic GSEC film. And the
friction force increases with the increment of the applied magnetic
field intensity. At 0 mT, the friction force of the sample is 10.62 nN,
and it increases to 14.49 nN at 27.4 mT, increased by 36.42%. Such
phenomenon is named as magnetostrictive friction in this study.
Compared with the measurement results on the nonmagnetic sil-
iconwafer, it is obvious that the friction increment under magnetic
field only occurs on magnetic GSEC film, indicating the magneto-
strictive friction could be resulted from the interaction between
external magnetic field and self-magnetism of the film. In addition,



Fig. 4. Magnetostrictive friction of the 100 eV irradiation GSEC film. (a) Surface
morphology of the 100 eV irradiation GSEC film measured by AFM with magnetic field
intensity of 0 mT and 17.0 mT. (b) Friction loops of the 100 eV irradiation GSEC film
measured with magnetic field intensity of 0 mT and 17.0 mT under normal force of
19.46 nN. (c) Nano-friction force of the 100 eV irradiation GSEC film as a function of the
external magnetic field intensity under normal force of 19.46 nN. (A colour version of
this figure can be viewed online.)
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such magnetostrictive friction phenomenon of the GSEC film is also
meaningful to the study on the tribological behavior of other car-
bon coatings. For instance, there are sp2 bonds in diamond-like
carbon (DLC) coatings [45]. These sp2 bonds may exhibit similar
magnetostrictive friction effect when the DLC coatings are exposed
to external magnetic field.

As mentioned in Section 3.1, the self-magnetism of the GSEC
film can be controlled by the electron irradiation energy during the
film deposition process. Therefore, in order to explore the influence
of the GSEC film magnetic property on the magnetostrictive fric-
tion, nano-friction forces of the GSEC films fabricated under
different irradiation energy (50, 100, and 150 eV) were measured
under the external magnetic field. Fig. 5a presents the measured
friction force as a function of the applied magnetic field intensity
under normal force of 19.46 nN for different GSEC film samples. All
of the friction forces are the average values of five repeated friction
tests under the same magnetic field intensity. We can see that all of
the three curves show increasing tendency with the magnetic field
intensity, indicating that the magnetostrictive friction effect also
occurs for the 50 eV and 150 eV irradiation GSEC films. To quanti-
tatively compare the magnetostrictive friction of these three types
of GSEC films, the friction force increasing amplitudes of the sam-
ples under the strongest magnetic field (27.4 mT) were calculated,
as shown in Fig. 5b. It is found that the friction increasing ampli-
tudes for the 50 eV, 100 eV, and 150 eV samples are 32.83%, 36.42%
and 54.53%, respectively. Comparing with the saturation magneti-
zation Ms of the film, it is suggested that the magnetostrictive
friction is enhanced when the self-magnetism of the GSEC film
becomes stronger. In Fig. 5a, it is also worth noting that GSEC films
deposited with higher electron irradiation energy exhibit larger
friction force. This could be attributed to the fact that GSEC film
deposited under higher irradiation energy possesses softer and
rougher surface. The measured hardness and surface roughness of
these films are shown in Fig. S5.

To further validate the above-found magnetostrictive friction of
the GSEC films, the friction force of the 100 eV sample was
measured under different normal force with the applied magnetic
field. Fig. 6 compares the measurement results of the 100 eV irra-
diation film under normal force of 19.46, 32.44, and 45.42 nN with
controlled magnetic field (0, 7.6, 17.0, and 27.4 mT). As shown in
Fig. 6a, with the same magnetic field intensity of 17.0 mT, the trace-
retrace difference of the friction loop becomes larger as the applied
normal force increases, indicating the friction force of the GSEC film
sample goes up with the increment of the normal force under the
external magnetic field. The quantitative friction forces under
different conditions were then calculated and summarized in
Fig. 6b. For normal forces of 19.46 nN and 32.44 nN, a clear
ascending trend of the friction force can be found when the
external magnetic field intensity increases. However, when the
normal force increases to 45.42 nN, the nano-friction force of the
100 eV irradiation sample shows only slight fluctuation with the
increase of the external magnetic field. Such unexpected fluctua-
tion of the friction force can be explained as follows. As the normal
force increases to a certain extent, it plays the leading role in
determining the nano-friction force acting on the contact interface.
As a result, the influence of magnetic field on the nano-friction, i.e.
magnetostrictive frictionwill be weakened. This can also be proved
by the measurement results under normal force of 19.46 nN and
32.44 nN. At the strongest external magnetic field (27.4 mT), the
increasing amplitudes of the friction force under normal force of
19.46 nN and 32.44 nN are 36.42% and 12.75%, respectively. It is
apparent that larger normal force weakens the magnetostrictive
friction of the GSEC films under magnetic field.

Based on the present nano-friction test results, it is evident that
the nano-friction of GSEC film is strengthened under the external
magnetic field. In order to interpret the mechanism of such phe-
nomenon, a schematic illustration is drawn to explain the effect of
the magnetic field on the nano-frictional behavior of the GSEC film,
which is related to the magnetostriction effect of the graphene
sheets under external magnetic field, as shown in Fig. 7. According
to Mo et al.‘s work [46], the friction force at nanoscale depends
linearly on the number of atoms that chemically interact across the
contact, which is used to define the real contact area at the nano-
scale. Therefore, strain engineering provides a means of controlling
nanoscale friction, since the real contact area of the nano contact
pair could be tuned by applying an external strain on the solid. The
external strain effect on the nano-frictional behavior of graphene
has already been proved in Li et al.‘s work [28] and our previous
molecular dynamics simulations [29]. Here, in our experiments,
when there is no magnetic field applied during the nano-friction
test, the real contact area between the AFM tip and the GSEC film
is defined to be Areal ¼ NatAat, where Nat is the number of atoms of
the sample within the range of chemical interactions from the tip
atoms (the atoms in the red circle as shown in Fig. 7a) and Aat is the
average surface area per atom. When the magnetic field is applied,
the atoms of the film within the contact zone are compressed due
to the magnetostrictive strain of the graphene sheets under the
interaction between external magnetic field and the self-
magnetism of the carbon film, as illustrated in Fig. 7b. In conse-
quence, the number of ‘contacting’ atoms Nat increases. In other
words, the real contact area increases, thus leading to the incre-
ment of the nano-friction force of GSEC film, which is named as



Fig. 5. Magnetostrictive friction of GSEC films with different magnetism. (a) Nano-friction force of different GSEC films (50, 100, and 150 eV) as a function of the external magnetic
field intensity under normal force of 19.46 nN. (b) Quantitative comparison of the magnetostrictive friction of different GSEC films. (A colour version of this figure can be viewed
online.)

Fig. 6. Dependence of magnetostrictive friction on normal force. (a) Friction loops of the 100 eV irradiation GSEC film measured with magnetic field intensity of 17.0 mT under
normal force of 19.46, 32.44, and 45.42 nN. (b) Nano-friction force of the 100 eV irradiation GSEC film as a function of the external magnetic field intensity under different normal
force. (A colour version of this figure can be viewed online.)
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magnetostrictive friction in this paper. This also explains the larger
friction increment for the filmwith stronger magnetism. When the
self-magnetism of the GSEC film increases, the magnetostrictive
strain of graphene sheets become larger under the same external
magnetic field, leading to more increment of the real contact area.
Therefore, the magnetostrictive friction is enhanced as the self-
magnetism of the GSEC film increases.

In order to validate the mechanism that the magnetostrictive
strain of the graphene sheets is responsible for the friction incre-
ment under the magnetic field, external compressive strain was
introduced into the GSEC film and then friction forces of these pre-
strained films were measured by AFM. The GSEC film with thick-
ness of 100 nm was transferred on flexible polydimethylsiloxane
(PDMS) substrate, which was then fixed on a 3D-printed concave
mold (Material: acrylic monomer) to apply compressive strain to
the transferred GSEC film. The strain is determined by changing the
curvature radius (r) of the concavemold (εf 1/r) [47]. Details about
the sample preparation process are shown in Fig. S6. Friction
measurements were carried out in the central area of each trans-
ferred sample with scan distance of 2 mm to avoid the potential
influence of the curvature effect of the concave mold [48]. Fig. 8
gives the friction force of the transferred GSEC film (100 eV irra-
diation) in relation to the curvature (1/r) of the mold under normal
force of 19.46 nN. Obviously, the friction force of the film goes up as
the curvature of the mold (i.e., compressive strain) increases,
indicating that the external compressive strain results in friction
increment of the GSEC film. In addition, the friction force of the
transferred 100 eV irradiation GSEC is larger than that of the film on



Fig. 7. Schematics of the mechanism of the magnetostrictive friction. (a) State of the contact between the GSEC film and the AFM silicon tip without magnetic field. The right figure
shows the atom arrangement at the contact interface. (b) State of the contact between the GSEC film and the AFM silicon tip with magnetic field. The right figure shows the
magnetostriction effect-induced variation of the real contact area. (A colour version of this figure can be viewed online.)

Fig. 8. Nano-friction force of the transferred 100 eV irradiation GSEC film as a function
of the curvature (1/r) of the concave mold under normal force of 19.46 nN. The inset
figures give the friction loop of the film on a mold with curvature of 0.2 mm�1 and
schematics of the transferred film on the concave mold. (A colour version of this figure
can be viewed online.)
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a Si substrate, which is probably because the PDMS substrate is
softer than Si. The above results provide evidence to support our
mechanism on the magnetostrictive friction.
4. Conclusions

In summary, a newmethod tomeasuremagnetostrictive friction
under external magnetic field is developed utilizing atomic force
microscopy (AFM) equipped with a specially designed electro-
magnet. Graphene sheets embedded carbon (GSEC) films were
fabricated by low energy electron irradiation technique of an ECR
plasma sputtering system and were proved to possess magnetism
at room temperature by SQUID measurements. Through the
magnetostrictive friction measurements on GSEC films with
different magnetism under different magnetic field intensity, an
evident increment of the friction force of GSEC films under external
magnetic field was found, named as magnetostrictive friction. Such
phenomenonwas related to interaction between external magnetic
field and self-magnetism of the films. It was found that larger
magnetic field intensity and stronger self-magnetism could both
enhance the magnetostrictive friction of GSEC films. For the film
with the strongest magnetism in the present work (150 eV irradi-
ation film), the friction force under normal force of 19.46 nN was
increased by 54.53% with the maximum magnetic field intensity
(27.4 mT). Further analysis was conducted to discuss the mecha-
nism of the magnetostrictive friction. It was inferred that the
atomic real contact area increment at the contact interface caused
by the magnetostrictive strain of the graphene sheets under the
magnetic field was responsible for the friction increment. These
findings enrich the understanding of friction mechanism and open
up a new door for the friction control of carbon film.
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