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We report a giant magnetic moment enhancement of ferromagnetic nickel nanoparticles �11 nm� embedded
in multiwalled carbon nanotubes �MWCNTs�. High-energy synchrotron x-ray diffraction experiment and
chemical analysis are used to accurately determine the ferromagnetic nickel concentration. Magnetic measure-
ments show that the room-temperature saturation magnetization of the nickel nanoparticles embedded in the
MWCNTs is enhanced by a factor of about 3.4�1.0 as compared with what they would be expected to have
for free nanoparticles. The giant moment enhancement is unlikely to be explained by a magnetic proximity
effect but possibly arise from the interplay between ferromagnetism in nickel nanoparticles and strong dia-
magnetism in multiwalled carbon nanotubes.
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Graphene is a sheet of carbon atoms distributed in a hon-
eycomb lattice and is the building block for carbon-based
materials such as graphite and carbon nanotubes. The mass-
less relativistic Dirac fermions in graphene are a result of its
unique electronic structure, characterized by conical valence
and conduction bands that meet at a single point in momen-
tum space. The integer quantum-Hall effect recently ob-
served in graphene1,2 is related to the Dirac fermions. More
intriguingly, there are reports of ultrahigh-temperature super-
conducting behaviors in both graphite3 and graphite-sulfur
composites.4,5 Highly oriented pyrolithic graphite �HOPG�
has been shown to display either a partial superconducting or
a ferromagneticlike response to an applied magnetic field
even at temperatures well above room temperature.3 In addi-
tion to the observation of unusual high-temperature ferro-
magnetism in the carbon-based materials,6–8 there is a report
of extra magnetic moment induced in graphite due to a large
magnetic proximity effect �MPE� between graphite and mag-
netic nanoparticles.9 However, this important conclusion
strongly depends on whether the magnetic impurity concen-
trations inferred from Mössbauer spectra9 are accurate
enough.

Here we study magnetic properties of multiwalled carbon
nanotubes �MWCNTs� embedded with ferromagnetic Ni
nanoparticles. Because Ni nanoparticles sit inside the inner-
most shells of MWCNTs �see Fig. 1�c� below� and electronic
intershell coupling is negligibly small, we expect that the
only shells that can interact with the Ni nanoparticles are the
innermost shells. Then the extra magnetic moments induced
by the MPE should be much smaller than those found in
graphite.9 However, our data show a giant magnetic moment
enhancement that is about two orders of magnitude larger
than that predicted from the MPE.

Purified MWCNT mat samples �Lot No. TS0636� from
SES Research of Houston were synthesized by chemical-
vapor deposition under catalyzation of nickel nanoparticles.
Some of nickel nanoparticles got into the nanotubes during
the nanotube growth. After purification of as-grown
MWCNT mat samples, most nickel nanoparticles were re-

moved except for those embedded inside the innermost
shells. The macroscopic samples used for the different mea-
surements or analyses described below are from the same
batch, which should be identical. The morphology of the mat
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FIG. 1. �Color online� �a� SEM image of a Ni-filled MWCNT
mat sample. �b� TEM image of a Ni-filled MWCNT mat sample. �c�
TEM image of a selected MWCNT filled with nickel nanoparticles
labeled by A, B, C, and D.
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sample can be seen from scanning electron microscopy
�SEM� image shown in Fig. 1�a�. The SEM image was taken
by a field-emission scanning electron microcopy �FE-SEM,
Hitachi S-4800� using an accelerating voltage of 3 kV. One
can see that the outer diameters of these MWCNTs are in the
range of 30–50 nm and centered around 40 nm. The mean
inner diameter of the MWCNTs is about 10 nm, as seen from
the transmission electron microscopy �TEM� images �Figs.
1�b� and 1�c�� recorded by FEI Tecnai F20 with an acceler-
ating voltage of 200 kV. The nickel nanoparticles sit inside
the innermost shells near the ends of the tubes, as labeled by
A, B, C, and D in Fig. 1�c�. Some nickel nanoparticles are
connected to form a continuous chain �see a location labeled
by D in Fig. 1�c��.

The total metal-based impurity concentrations of the mat
sample can be determined from the composition analysis of
the residual of the sample, which was obtained by burning
off carbon-based materials in air. A Perkin-Elmer Elan-DRCe
inductively coupled plasma mass spectrometer �ICP-MS�
was used to analyze the composition of the residual. From
the weight �1.33%� of the residual and the ICP-MS analysis,
we obtain the metal-based magnetic impurity concentrations
in weight: Ni=0.476%, Fe=0.00907%, and Co=0.0133%.

In order to quantitatively understand the magnetism of the
Ni-filled MWCNTs, it is essential to determine the concen-
tration of the ferromagnetic nickel phase. We can achieve
this goal by performing high-energy synchrotron x-ray dif-
fraction �XRD� experiment. Figure 2�a� shows a synchrotron
XRD spectrum for a virgin Ni-filled MWCNT sample. The
XRD spectrum was taken on a high-energy synchrotron
x-ray beamline 11-ID-C at the Advanced Photon Source, Ar-
gonne National Laboratory, using monochromated radiation
with a wavelength of �=0.1078 Å. The major peaks in the
spectrum of Fig. 2�a� correspond to the diffraction peaks of
MWCNT �Ref. 10� and the face-centered cubic �fcc� phase
of Ni. In particular, the �002� diffraction peak of MWCNT is
seen at 2�=1.815° and the Ni �311� peak at 2�=5.815°. Fig-
ure 2�b� displays the expanded view of the Ni �311� peak.
The solid line is the fitted curve by a Gaussian. The inte-
grated intensity of the Ni �311� peak is found to be
0.84�0.08% of the intensity of the MWCNT �002� peak.
Using the calculated standard intensities of the graphite
�002� and Ni �311� peaks and assuming that the intensity of
MWCNT �002� peak is the same as that of graphite �002�, we
find that the ferromagnetic fcc nickel concentration is
0.43�0.04% �in weight�, which is slightly lower than the
total Ni concentration �0.476%� inferred from ICP-MS. This
implies that the ferromagnetic fcc nickel is the dominant
phase while the concentrations of other nonmagnetic nickel-
based phases are too small to be seen in the XRD spectrum.

In order to check the reliability of our inferred ferromag-
netic nickel concentration based on the Ni �311� peak, we
show, in Fig. 2�c�, the expected XRD spectrum of the fcc Ni
with the concentration of 0.43% �lower curve in Fig. 2�c��
and the difference spectrum �upper curve in Fig. 2�c��, which
is obtained by subtracting the Ni spectrum from the spectrum
of Ni-filled MWCNT sample in Fig. 2�a�. The difference
spectrum shows no observable residual of any peaks of the
fcc nickel, implying that the inferred Ni concentration is in-
deed reliable. Furthermore, all the peaks except for some

peaks indicated by arrows in the difference spectrum agree
with the peaks observed in pure MWCNTs.10 The extra
peaks indicated by the arrows should be associated with
other impurity phases.

Since magnetic properties of nanoparticles depend
strongly on the particle size, it is important to determine the
average diameter d of the ferromagnetic Ni nanoparticles
embedded in MWCNTs. We can determine d from the peak
width of the XRD spectrum. The full width at half maximum
of the Ni �311� peak is found to be 0.0556° from the Gauss-
ian fit in Fig. 2�b�. Using the Scherrer equation:11 d
=0.89� / �� cos �� and with �=0.0511° �after correcting for
the instrumental broadening�, we calculate d=11 nm, in
good agreement with the average inner diameter of the tubes
�see Fig. 1�b��.

With the information of the average diameter �11 nm� of
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FIG. 2. �Color online� �a� High-energy synchrotron XRD spec-
trum for a virgin Ni-filled MWCNT sample �upper curve� and the
standard spectrum for fcc nickel �lower curve�. �b� The expanded
view of the Ni �311� peak. �c� The expected XRD spectrum of the
fcc Ni �lower curve� based on the nickel concentration �0.43%� and
the difference spectrum �upper curve�, which is obtained by sub-
tracting the Ni spectrum from the spectrum of Ni-filled MWCNT
sample in Fig. 2�a�.

BRIEF REPORTS PHYSICAL REVIEW B 82, 193410 �2010�

193410-2



the ferromagnetic Ni nanoparticles and its concentration of
0.43% in our Ni-filled MWCNT sample, we would expect
the room-temperature saturation magnetization �Ms� to be
0.14 emu/g from the known Ms=30–32 emu /g for pure fcc
Ni nanoparticles with d=11–12 nm �Ref. 12�. If we use the
upper limit of Ms=55 emu /g for bulk Ni, the expected Ms
for our Ni-filled MWCNT sample would be 0.24 emu/g. Fig-
ure 3 shows magnetization versus magnetic field for our Ni-
filled MWCNT mat sample at 320 K �the sample mass is
5.75 mg�. The magnetization was measured using a Quantum
Design vibrating sample magnetometer �VSM� and the mag-
nitude of the magnetization is repeatable with less than 10%
uncertainty. The linear field dependence of the magnetization
with a negative slope at H�10 kOe is due to the diamag-
netic contribution. The linear extrapolation to H=0 yields
��dia�=4.2�10−6 emu /g and Ms=0.47 emu /g. The mea-
sured Ms value is a factor of 3.4 larger than the expected
value �0.14 emu/g� from the measured Ni concentration and
average diameter. Considering 10% uncertainty for the
nickel concentration, 10% uncertainty for the magnetization,
and 25% uncertainty for the expected saturation magnetiza-
tion of the free nickel nanoparticles, we estimate the moment
enhancement factor to be 3.4�1.0. Thus, there is a giant
magnetic moment enhancement of the Ni nanoparticles when
they are embedded inside the innermost shells of MWCNTs.
Using the measured nickel concentration �0.43%�, the en-
hanced saturation magnetization 	Ms is calculated to be
about 76.7 emu/g of nickel or 683 emu/cc of nickel.

If the observed giant magnetic moment enhancement
arises from the magnetic proximity effect, then as proposed
in Ref. 9, there should exist two distinctive ferromagneticlike
transitions. Figure 4�a� shows zero-field-cooled �ZFC� and
FC magnetic susceptibilities of another virgin Ni-filled
MWCNT sample in a field of 100 Oe. We clearly see that
there is only one ferromagnetic transition at about 630 K and
the FC susceptibility below TC is significantly larger than the
ZFC susceptibility. For comparison, Fig. 4�b� shows the ZFC
and FC susceptibilities for pure nickel powders �obtained
from Shanghai Chemical Regent Co., China�. The mean di-
ameter of the Ni crystallites �subparticles� is calculated to be
about 46 nm from the width of the XRD �311� peak. Within
the experimental uncertainty, the Curie temperature of the
pure nickel powders is close to that of the nickel nanopar-
ticles embedded in MWCNTs.

Now we turn to discuss the origin of the giant magnetic
moment enhancement of the nickel nanoparticles embedded
in MWCNTs. One possibility is that this enhancement arises
from a large magnetic proximity effect.9,13 We consider a
simple case where our ferromagnetic nanoparticles have a
cylindrical shape with both length and diameter equal to d
and the curve surface of the cylinder contacts with the inner-
most shell of a MWCNT �this is the most favorable case for
the proximity effect�. The curved surface area is equal to 
d2

and the total number of the contact carbon is 
Ncd
2, where

Nc is the number of carbon per unit area and equal to 3.82
�1015 /cm2 �Ref. 14�. If the induced magnetic moment is
m�B �where �B is the Bohr magneton� per contact carbon
atom, then the induced saturation magnetization normalized
to the volume of the ferromagnetic nanoparticle is 	Ms
=4Ncm�B /d=1420�m /d� emu /cm3 �here d is in units of
nanometer�. Using the measured 	Ms=683 emu /cm3 and
d=11 nm for ferromagnetic nickel nanoparticles, we find
that m=5.3, which is a factor of 53 larger than the value �
�0.1� calculated using density-functional theory.13 There-
fore, the magnetic proximity model seems unlikely to ex-
plain such a giant magnetic moment enhancement.

Alternatively, it is possible that a strong diamagnetic tube
could enhance the extrinsic magnetic moment of a �single-
domain� magnet embedded inside it. If the tube were a per-
fect diamagnet, the “poles” of the magnet would be extended
further apart �to the length of the tube� without changing
their strength, thus giving an extrinsic enhancement to the
magnetic moment. This is because the perfect diamagnetism
of the tube prevents the magnetic field lines of the magnet
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FIG. 3. �Color online� Magnetic hysteresis loop of a Ni-filled
MWCNT mat sample at 320 K.
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FIG. 4. �Color online� �a� ZFC and FC magnetic susceptibilities
of a virgin Ni-filled MWCNT mat sample in a field of 100 Oe. �b�
ZFC and FC susceptibilities for pure nickel powders.
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from leaking out through the wall of the tube.
The plausibility of this interpretation depends on whether

MWCNTs would exhibit strong diamagnetism when the
magnetic field is applied in the tube-axis direction. Since the
orbital diamagnetism for the field parallel to the tube-axis
direction is negligibly small, one of possible origins for
strong diamagnetism would be superconductivity. The obser-
vation of superconductinglike hysteresis loops in HOPG at
400 K would be a good indication of local superconductivity
well above room temperature.3 Based on resonating-valence-
bond theory originally proposed by Anderson,15 Black-
Schaffer, and Doniach16 have recently shown that heavily
doped graphene would exhibit d-wave ultrahigh-temperature
superconductivity.16 If such ultrahigh-temperature supercon-
ductivity would also exist in MWCNTs, the giant enhance-
ment in the saturation magnetization would be naturally ex-
plained. Further experiments on well-controlled samples are

required to check if the magnetic properties of MWCNTs
would be consistently explained in terms of d-wave ultrahigh
temperature superconductivity.
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