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The attractions of cantilevers made of multiwalled carbon nanotubes (MWNTs) and secured on one end are studied in
the non-uniform magnetic field of a permanent magnet. Under an optical microscope, the positions and the corresponding
deflections of the original cantilevers (with iron catalytic nanoparticles at the free end) and corresponding cut-off cantilevers
(the free ends consisting of open ends of MWNTs) are studied. Both kinds of CNT cantilevers are found to be attracted by
the magnet, and the point of application of force is proven to be at the tip of the cantilever. By measuring and comparing
deflections between these two kinds of cantilevers, the magnetic moment at the open ends of the CNTs can be quantified.
Due to the unexpectedly high value of the magnetic moment at the open ends of carbon nanotubes, it is called giant magnetic

moment, and its possible mechanisms are proposed and discussed.
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1. Introduction

Experimental reports of ferromagnetism in graphite,!'=!
carbon nanotubes, 7! graphene,!®! and other carbon-based

(9101 have attracted intense interest because only s/p

materials
electrons are present, in contrast to the more familiar ferro-
magnetism based on 3d/4f electrons. In the experimental re-
ports, three techniques were usually used: magnetic force mi-
croscopy (MFM),?=! bulk XMCD (x-ray magnetic circular
dichroism),*) and magnetization measurements.*-"1 With the
technique based on MFM, it has been difficult to get quantita-
tive results, due to the lack of geometry, magnetic properties
of the tip and the material under investigation. Meanwhile,
to avoid the effect of long-range van der Waals forces, the tip
usually works in lift mode at a height of 50 nm, which causes
low spatial resolution of the location of the magnetic signal.
For the technique with magnetization measurements, it is im-
portant to know the exact contents of magnetic components!!!
or make sure the sample is free of magnetic impurities, due
to the extremely small measured magnetization.”! XMCD is
powerful to study the local magnetic moment associated with
different elements in a sample,*! and it can exclude the ef-
fect of magnetic impurities and achieve a spatial resolution of
50 nm.

DOI: 10.1088/1674-1056/24/1/016202

2. Experimental section

In this work, a different technique shown in Fig. 1 is used
to study the attraction and deflection of a CNT cantilever in the
non-uniform magnetic field of a permanent magnet. A bundle
of multiwalled carbon nanotubes is fixed to a substrate at one
end, leaving the other end free (an “original” CNT cantilever).
When the magnet is moved toward the CNT cantilever, the at-
traction and deflection of the cantilever can be observed and
measured under an optical microscope. After the tip part of
the cantilever is cut off, leaving the open ends on the CNTs,
the CNT cantilever is still attracted and deflected in the non-
uniform magnetic field. The point of application of the attrac-
tive force is demonstrated to be at the tip of the cantilever. By
comparing the forces between the original and cut-off CNT
cantilevers, the areal density of the magnetic moment at the
open ends of the CNTs is obtained.

The CNT array (height ~ 1 mm) used in this work was

ULI2] The nanotubes in

grown by chemical vapor deposition.
the array are multiwalled carbon nanotubes and have diameters
of about 20 nm (Fig. 2). In the middle part of the CNT array,
there is no signal of iron found, as indicated by EDX (electron
dispersion x-ray) analyses (Figs. 2(c) and 2(d)). The growth
mechanism of the CNT array is attributed to a tip growth

model, which implies that iron catalytic nanoparticles are at
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the top tip of the CNTs (Fig. 2). This tip growth mechanism
can be confirmed by the experimental result that the first CNT
array can be used as a substrate to grow another, second CNT
array (Fig. 2(b)).

(a) (b) (c) (d)
S

4

Fig. 1. A multiwalled carbon nanotube is used to represent the CNT can-
tilever for clarity. (a) A multiwalled nanotube with a catalytic nanoparticle
at its tip (an “original” CNT cantilever). The magnet is away from the CNT.
(b) When the magnet is moved near the CNT, the attraction of CNT is ob-
served. (c) and (d) If the tip of CNT is cut off (cut-off cantilever), leaving
the CNT with an open end, the CNT is still attracted and deflected in the
non-uniform magnetic field. The point of application of the attractive force
is demonstrated to be at the tip of the cantilever. By comparing the forces
between an original and cut-off CNT cantilevers, the areal density of the
magnetic moment at open ends of CNTs is obtained.

Fig. 2. (a) SEM image showing CNT arrays grown from the substrate. The
iron catalytic nanoparticles are shown to be at the tips of the CNTs because
the tips of the 1t CNT array can be used as the substrate to grow the 2"
CNT array, as shown in panel (b). (c) and (d) SEM image of the CNTs in the
middle part of the array and the corresponding EDX results from the marked
area in panel (c), indicating there is no iron found in the central part of a CNT
array. () HRTEM (high resolution transmission electron microscope) image
showing that at the tip of a CNT, there is an iron catalytic nanoparticle. (f)
Typical HRTEM image showing that the end of CNT is open after the CNT
is cut.

3. Results and discussion

A small bundle of CNTs is taken from a CNT array with a
tying forceps (MR-F211T-2, made of titanium by Suzhou Min-
gren Eye Instruments). The bottom end of the CNT bundle is
fixed to a substrate (aluminum tape/silicon) with the other end
free; thus an original CNT cantilever is obtained (Fig. 3(a)).
When a magnet is moved toward the original CNT cantilever,
the attraction and deflection of the cantilever can be clearly
observed under an optical microscope (Fig. 3(b)). When the
magnet is moved away, the CNT cantilever returns to its orig-
inal position, indicating the elastic nature of this deforma-
tion. This process can be repeated very well and is clearly
demonstrated by the video shown in the supporting informa-
tion (video”). An interesting observation is that after the tip of
an original CNT cantilever is cut off with scissors (MR-S221T,
made of titanium by Suzhou Mingren Eye Instruments), the re-
sulting shorter cantilever is still attracted by and deflected by
the magnet. When the magnet is moved towards or away from
the CNT cantilever, the deflection of the cantilever and its re-
turn to the original position are clearly observed (Figs. 3(c),
3(d) and video! in the supporting information).

magnet

0.5 mm

Fig. 3. (a) An original CNT cantilever and the cylindrical magnet nearby. (b)
When the magnet is moved toward the CNT cantilever, the attraction and de-
flection of the cantilever can be clearly observed and measured. In the inset,
the solid and dashed lines (not in scale) correspond to the cantilever in pan-
els (b) and (a), respectively. (c) The cut-off CNT cantilever, which is obtained
by cutting off the tip of the one shown in panel (a), and the cylindrical mag-
net nearby. (d) When the magnet is moved toward the CNT cantilever, the
attraction and deflection of the CNT cantilever can be clearly observed and
measured. In the inset, the solid and dashed lines (not in scale) correspond to
the cantilever in panels (d) and (c), respectively.

What are the origins of these interesting observations?
First, the diamagnetic property of bulk graphite is not applica-
ble, because bulk graphite is repelled by a permanent magnet.
Second, possible electrostatic attractions between the CNT
cantilever and the magnet (they carry charges of opposite sign)
can be excluded because after the cantilever and the magnet

016202-2



Chin. Phys. B  Vol. 24, No. 1 (2015) 016202

are in contact with each other, the attraction can still be ob-
served. Meanwhile, control experiments such as replacing the
magnet is with a rod of copper, the attraction and deflection
of CNT cantilever cannot be observed. Another reasonable
explanation is that the attractive force indicates that there is

magnetic moment at the CNT cantilever. [!3]

>
CNT
cantilever

Fig. 4. (color online) Symmetric deflections of a cut-off CNT cantilever
along the y-axis, indicating that the point of application of force is at the
tip of the cantilever. In the insets, the solid and dashed lines (not in scale)
correspond to the positions of the cantilever in panels (a), (b), (c) and its
original position, respectively. (a) At “y = 0”, the deflection of the CNT
cantilever has the maximum value. (b) and (c) When the magnet is moved
to positions of “y = 0.8 mm” (b) and “y = —0.8 mm” (c) (0.8 mm, radius
of the cylindrical magnet), the deflection of the CNT cantilever has almost
the same value. (d) Definitions of “y-axis” (left) and the “y-D” curve (right).
The deflection of CNT cantilever is symmetric on the y-axis, indicating that
the point of application of force is at the tip of the cantilever; therefore, the
magnetic moment is at the open ends of the CNTs.

In order to find the point of application of force (the lo-
cation of the magnetic moment), the following experiments
were carried out: the magnet was moved along the “y-axis”
and the corresponding deflections of the CNT cantilever were
measured as shown in Fig. 4. Shown here are the results for
a cut-off cantilever, similar results were obtained for original
cantilevers. “y-axis” is parallel to the axis of CNTs at the tip of
the CNT cantilever, and its origin is at the cross point between
“y-axis” and the central line of the cylindrical magnet when it
passes through the tip of the cantilever. The deflections of the
CNT cantilever have the maximum value at “y = 0” (Figs. 4(a)
and 4(d), where the gradient of the magnetic field produced by
the cylindrical magnet has the largest value.!'3] Meanwhile,
deflections of the CNT cantilever are almost symmetrical on
the “y-axis” (Fig. 4(d), polynomial fit). Two special situations
are shown in Figs. 4(b) and 4(c), where the absolute value of
“y” is equal to the radius of the cylindrical magnet. The sym-
metry of deflections on the “y-axis” indicates that the attractive
force is applied only at the tip of the CNT cantilever.

The above results indicate that there is magnetic moment
at the ends of CNTs either with open ends or with iron catalytic
nanoparticles at the tips (Fig. 1). In the non-uniform magnetic
field, there will be a force applied on the magnetic moment.
This force can be decomposed into two component forces:
one is parallel to and the other is perpendicular to the CNT
cantilever. The latter force makes the CNT cantilever deflect
and can be obtained by measuring the deflections; meanwhile,
the former one is difficult to study since it tends to make the
CNT cantilever shorter or longer, which is not observed under
an optical microscope in this work. By measuring the deflec-
tions of these two kinds of cantilevers and comparing between
them, the component forces (perpendicular to the cantilevers)
can be obtained.

As a matter of fact, the magnitude of magnetic moment
can be estimated from the following equations:[!3-14]

D=F L3/3EI,
F=V(M- -H),

where D is the deflection, F| is the component force at the
tip (perpendicular to the cantilever), L is the length of the can-
tilever, E is the modulus of elasticity of the cantilever, [ is the
areal moment of inertia of the cantilever, F' is the force at the
tip of the cantilever, V is the gradient operator, M is the mag-
netic moment, and H is the magnetic field strength.

Table 1 summarizes the experimental results for 24 CNT
cantilevers, including 12 original CNT cantilevers and 12 cut-
off cantilevers. In calculations of Fy, /Fy, and My/M;, (Fy,,
My and Fj,, M) represent those of original and cut-off can-
tilevers, respectively), the following assumptions are used:

1) The modulus of elasticity (E) and areal moment of in-
ertia (/) of a cut-off CNT cantilever have the same values as
those of the corresponding original cantilever.

2) The magnetic moment at the tips of CNTs switches to
the direction of the external magnetic field of the magnet. This
assumption is justified by the observations that when north or
south pole of the magnet is moved toward the cantilevers, only
attraction and deflections of the cantilevers are found. The de-
flections have similar values.

As shown in Table 1, the ratios of magnetic moment
My/M; are a little different from those of Fy, /F; |, which are
revised according to the direction and gradient of the mag-
netic field of the cylindrical magnet at the tip of CNT can-
tilevers. The average value of My/M; is 0.70, which means
that the magnetic moment at the open ends of CNTs is larger
than that at the tips of CNTs with iron catalytic nanoparticles.
For a CNT with a catalytic nanoparticle at the tip (Figs. 2(e)
and 2(f)), its magnetic moment at the tip can be regarded
as the sum of the magnetic moment at the open end of the
CNT (Mcnt) and that of the iron nanoparticle (Mg.). There
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are three possible situations for this sum: My = McNT — MFe,
My = Mcnt + Mge, or My = Mpe — Mcnr-
Mcnr is equal to M; (Figs. 2(e) and 2(f)), the situation of
My = Mcnt + Mpe can be excluded from the ratio of My/M,;
(0.70). From the other two situations, the magnetic moment

If we assume

at the open end of the CNT (Mcnt) can be obtained as 3.33
Mg, and 0.59 Mg, respectively. From the present experimen-
tal results, it is difficult to prove which one is more reasonable.
Both values are used in the following discussion and calcula-
tion of the magnetic moment at the open ends of CNTs.

Table 1. Properties of CNT cantilevers. Ly (length), Do (deflection), Fy, (component force), and My (magnetic moment) represent
those of original CNT cantilevers; Ly, Dy, F,, and M; represent those of the corresponding cut-off CNT cantilevers. The average

value of My/M, is 0.70.

Length/pum

Deflection/pm

No. Diameter/pum o L Do D, Fo./FiL Mo/ M,
1 33.9 641.6 554.1 58.0 28.6 1.31 1.08
2 59.0 802.7 613.7 169.0 97.9 0.77 0.89
3 40.0 859.1 784.6 10.5 12.2 0.66 0.60
4 40.0 882.8 712.5 8.3 9.1 0.48 0.45
5 20.2 537.1 464.8 9.4 6.4 0.95 1.02
6 35.5 570.1 420.3 17.9 13.2 0.54 0.57
7 24.0 912.1 743.3 13.6 9.1 0.81 0.62
8 32.1 927.1 751.1 11.5 7.6 0.81 0.82
9 29.9 866.1 777.6 11.6 14.4 0.59 0.59
10 29.1 735.1 604.8 17.5 15.0 0.65 0.63
11 349 806.5 408.4 92.8 29.5 0.41 0.37
12 66.9 680.6 452.2 28.8 10.5 0.80 0.73

Table 2. The volume and number of iron atoms in 40 catalytic nanoparticles at the tips of CNTs and the area of cross section of corresponding

CNTs.
No. Catalysts CNT Catalysts CNT
Volume/10°* nm?®  No. of atoms/10* Afea of cross Volume/10°> nm®  No. of atoms/10* Ar.ea of cross
section/10? nm? section/10? nm?
1 3.48 29.1 7.10 21 0.43 3.6 0.93
2 2.48 20.8 6.40 22 1.36 1.1 2.23
3 3.26 27.3 4.81 23 1.51 12.7 1.35
4 3.48 29.1 7.99 24 0.40 34 2.49
5 1.43 12.0 11.9 25 3.30 27.6 4.89
6 3.13 26.2 3.60 26 0.44 3.7 0.60
7 4.19 35.1 4.98 27 1.18 9.9 1.78
8 1.87 15.6 5.86 28 3.15 26.4 1.27
9 0.78 6.5 3.39 29 0.15 1.2 1.33
10 2.47 20.7 2.92 30 0.66 5.5 4.24
11 0.44 3.7 2.72 31 0.88 7.4 2.08
12 1.96 16.4 7.03 32 3.39 28.4 2.25
13 1.62 13.5 6.00 33 0.42 3.6 3.50
14 1.50 12.6 7.35 34 0.25 2.1 1.84
15 1.54 12.9 6.32 35 0.17 1.5 1.20
16 1.86 15.6 1.66 36 1.32 11.0 3.09
17 1.56 13.1 2.00 37 1.55 13.0 2.93
18 0.62 5.2 1.63 38 1.70 14.2 1.24
19 0.68 5.7 1.54 39 1.88 15.8 297
20 0.44 3.7 2.03 40 2.36 19.8 5.08

The morphologies of iron catalytic nanoparticles at the
tips of CNTs differ from one another, and their volume and
number of atoms can be estimated according to TEM images
(Table 2). Meanwhile, the area of cross section of the corre-
sponding CNT can be obtained based on their inner and outer
diameters. Since the sizes of catalytic iron nanoparticles at tips
of CNTs are in the range about 20 ~ 40 nm, each one can be
regarded as a single magnetic domain and the magnetic mo-

ment can be obtained with: Ng. -2.16 ug, where Np. is the
number of iron atoms and g is Bohr magneton (at room tem-
perature, each iron atom has a magnetic moment of 2.16 ug).
From the equation of Mcnt = 0.59 Mp. (or 3.33 Mp. ) the mag-
netic moment per unit area at the cross section of a CNT can
be obtained, which is 4.73 ug/A? (or 26.7 ug/A?). When
the spacing of 3.4 A between different graphite layers and
~ 1 A between edge carbon atoms are used, the magnetic mo-
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ment of each edge carbon atom will be 16.1 ug (or 90.1 up),
which corresponds to a local magnetic induction of 19.0 T (or
107 T),!" indicating great potential for applications. Mean-
while, we note that the experiments performed in this work
are based on a bundle of CNTs, which is composed of huge
number of nanotubes. While the model and calculation are
based on an individual or limited number of nanotubes, this
may result in some uncertainty in the final results.

One important and interesting question is the origin and
mechanism of this giant magnetic moment since the magnetic
moment reported in this work is 2 ~ 4 orders of magnitude
higher than those reported previously.!* Although the exact
mechanism is not clear, we propose that this giant magnetic
moment is closely related to the spin- orbit coupling which re-
sults in end-state at the open ends of carbon nanotubes. The
magnetic moment of spin origin is calculated with efi/2m*,
where m* is the effective mass of Bloch electrons, e is the
charge of an electron, and 7 is the Planck constant. Mean-
while, we note that in graphene samples the effective mass of
carrier is in the range of 0.02 ~ 0.05m,,['>-'8] and the corre-
sponding local magnetic field can be as high as 24.0-60.0 T,
indicating great potential for applications.

4. Conclusion

In summary, by studying the deflections of CNT can-
tilevers near a permanent magnet, we have demonstrated that
there is magnetic moment at the open ends of mutiwalled car-
bon nanotubes. By comparison of the deflection between orig-
inal and corresponding cut-off cantilever, the magnitude and
areal density of magnetic moment at open ends of CNTs are
estimated. We have proposed and discussed the mechanism of
this giant magnetic moment, which deserves more experimen-
tal and theoretical work. It should be noted that the curvature,
confinement, and periodic condition along the circumference
of CNTs seems to affect the magnitude of magnetic moment

at open ends of CNTs compared to that at edges of graphenes

samples,!'>?° which would be more pronounced for CNTs

with smaller diameters.[?!-2?!
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