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We demonstrate the use of sequential catalytic growth to encapsulate iron, nickel-iron, and iron-cobalt
phosphide catalyst nanoparticles periodically along the entire lengths of carbon nanotubes. Investigations by
local electron spectroscopies and electron diffraction reveal the compositions and crystal structures of the
encapsulated particles. Significantly, high spatial resolution magnetic characterization using magnetic force
microscopy and off-axis electron holography demonstrates that encapsulated iron-cobalt phosphide
nanoparticles are ferromagnetic at room temperature, in accordance with the properties of bulk metal phosphides
of the same structure and composition.

Introduction
Carbon nanotubes that contain encapsulated magnetic nanoparticles have potential applications in magnetic storage,1 spinpolarized scanning tunneling microscopy,2 and the emerging
field of spintronics.3 The desirable properties of carbon nanotubes for such applications include their nanoscale size, the
possibility of ballistic transport at room temperature, and a high
spin coherence length.1,4,5 In principle, the combination of
carbon nanotubes with ferromagnetic materials enables both the
injection and the manipulation of highly polarized spin currents.6
Since the discovery of carbon nanotubes,7 numerous compounds
have been inserted into their inner channels.8-16 However,
control of the encapsulated crystal localization, size, and shape
has proved to be challenging.
To date, the sequential catalytic growth (SCG) mechanism
is the only method that has been demonstrated to allow the
synthesis of carbon nanotubes that have regularly spaced
nanoparticles encapsulated along their entire lengths.17 The SCG
mechanism is based on the use of phosphorus as a catalytic
poison, which induces a kinetic mismatch between carbon
supply and consumption. This mitmatch generates a periodic
fluctuation of the carbon concentration in the catalyst particle,
which manifests itself in the form of periodic initiations and
interruptions of the growth. Fractions of the catalyst particle
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are encapsulated regularly at each new initiation. In this process,
the spacing between successive particles depends on the carbon
supply and on the size of the primary catalyst particle. A
potential drawback of this approach is that it requires the use
of a metal phosphide catalyst. As a result, the inserted
compounds are metal phosphides and not pure metals, which
complicates their use as room-temperature ferromagnets, although several binary and ternary metal phosphides can be
ferromagnetic in certain composition domains, with Curie
temperatures of up to 700 K.18,19 The only catalyst that was
initially found to be suitable for SCG was the ternary Ni-Fe-P
alloy.20
Here, we show that iron phosphides and (iron, cobalt)
phosphides can also be used to induce the SCG of carbon
nanotubes that contain periodically inserted crystals. We use
local electron spectroscopies and electron diffraction to characterize the compositions and crystal structures of the inserted
nanoparticles, and magnetic force microscopy (MFM) and offaxis electron holography to determine their magnetic properties
with sub-10 nm spatial resolution. Significantly, our results show
that the SCG mechanism can be used to grow carbon nanotubes
that contain regularly spaced room-temperature-ferromagnetic
nanoparticles.
Experimental Details
Thin metal (nickel, iron, cobalt) layers were evaporated onto
anodic alumina membranes (AAMs) (Anodisc Whatman, 0.02
µm). The nanofilaments are grown at the surface of these
supported metal layers by catalytic decomposition of carbon
precursors at high temperature. Most important is that commercial AAMs intrinsically contain ∼1.5 at. % phosphorus (as
© 2006 American Chemical Society
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measured by EDX), resulting from their oxidation process by
phosphoric acid. We previously demonstrated that phosphorus
diffuses into the metal layer during the heating ramp to form
the metal phosphide nanoparticles that are responsible for the
SCG mechanism.17,20 Optimal growth conditions to induce the
growth of periodically inserted carbon nanotubes from Fe and
Fe-Co layers were found to be 76 sccm CH4/730 sccm H2 at
1150 °C. In comparison, carbon nanotubes periodically inserted
by Ni-Fe phosphide particles were grown from an 80 nm Ni/
20 nm Fe layer (80Ni-20Fe), using the previously reported
growth conditions:20 134 sccm CH4/730 sccm H2 at 1080 °C.
The resulting nanofilament morphologies were characterized by
transmission electron microscopy (TEM) (JEOL 1200 EX2, 100
kV), using carbon-coated grids that had been dipped in
suspensions of the nanofilaments in ethanol. Nanoparticle
compositions were studied using energy-dispersive X-ray
spectroscopy (EDX) in a Philips CM20 TEM (200 kV) and
electron energy-loss spectroscopy (EELS) in a Philips CM300ST TEM (300 kV). High-resolution electron microscopy
(HREM) and electron diffraction (JEOL 4000FX, 400 kV) were
used to study the crystal structures of the nanoparticles. MFM
measurements were performed using a Digital Instruments
Dimension 3100 NSIIIa, with a CoCr-coated etched silicon
probe tip (length ∼225 µm, resonant frequency ∼70 kHz, spring
constant ∼1-5 N/m). The lift height for interleave scans in the
MFM was 50 nm. Off-axis electron holograms were acquired
at 300 kV using a Philips CM300-ST TEM equipped with a
Lorentz lens and an electron biprism. A biprism voltage of 200
V was used to form holographic fringes of spacing 3.25 nm. In
situ magnetization reversal allowed holographic phase images
to be acquired after the sample had been saturated magnetically
in opposite directions. Differences between these phase images
were used to isolate the magnetic contribution to the phase shift,
with all mean inner potential contributions to the phase shift
removed.21
Results and Discussion
In the present study, we focus on iron-cobalt phosphides
because these compounds have more favorable ferromagnetic
properties than other metal phosphides at room temperature (see
below).18,19 The TEM image in Figure 1a shows the morphology
of nanofilaments that were grown using 90 nm Fe/10 nm Co
(90Fe-10Co). The filaments exhibit a distinctive periodic
“matchstick” morphology, characteristic of the SCG mechanism,17 with the end of each “match” filled by an ellipsoidal
nanoparticle whose volume is a fraction of that of the primary
catalyst particle. In previously reported SCG syntheses (using
Ni-Fe catalysts), ∼95% of the nanotubes had a periodic
structure and ∼80% of the elementary units encapsulated a
nanoparticle.20 In the case of the Fe-Co catalyst, the encapsulation yield is virtually 100% (see Supporting Information). This
difference may result from a better wetting of the graphene
surface at the higher temperature used for Fe-Co phosphide
catalysts (1150 °C instead of 1080 °C), but additional data is
required to support this explanation. The optimal growth
temperature for 90Fe-10Co was 1150 °C, which is noticeably
higher than that for 80Ni-20Fe (1080 °C). This temperature is
consistent with the need for the catalyst particles to be in a liquid
state.20 A typical SCG nanotube contains more than one hundred
nanoparticles encapsulated in sequence. Both the sizes of the
encapsulated particles and their separations decrease slowly
along the length of each filament. The particles can be described
as ellipsoids that have the same symmetry axis as the nanotubes.
The nanoparticle length l (along the nanotube symmetry axis)

Figure 1. (a) TEM image of a carbon nanotube periodically inserted
with Fe-Co-P nanoparticles. (b) HRTEM image of an encapsulated
Fe-Co-P nanoparticle. (c) Bright field zero loss and (d-g) EELS
energy filtered elemental maps for (d) carbon, (e) iron, (f) cobalt, and
(g) phosphorus of an encapsulated Fe-Co-P nanoparticle.

typically ranges from 100 to 25 nm, and the nanoparticle width
w (perpendicular to the nanotube symmetry axis) from 60 to
10 nm (see Supporting Information). Their aspect ratio (l/w)
can vary from 1.5 to 4 between particles, without any systematic
trend. Along a given filament, the distance between particles
diminishes progressively from typically 1 µm to 100 nm. The
Ni-P, Co-P, and Fe-P binary phase diagrams all have a
eutectic point at a phosphorus concentration of ∼17-20 at. %,
but their eutectic temperatures are 870 °C for Ni-P, 1023 °C
for Co-P, and 1048 °C for Fe-P.
For both Ni-Fe-P and Fe-Co-P, EELS and energyselected imaging confirmed that the nanoparticles comprised
an alloy of two metals and phosphorus, as shown in Figures
1c-g for an Fe-Co-P particle. Although diffraction contrast
sometimes affected the chemical maps for large (>50 nm)
particles, and although artifacts sometimes affected the maps
as a result of overlapping edges in the EELS spectrum, ∼90%
of the particles examined were found to be homogeneous in
composition. This homogeneity is in good accordance with our
initial compositional analyses of the Ni-Fe-P nanoparticles
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Figure 2. (a) Experimental electron diffraction patterns of a 50 ×
108 nm Ni-Fe-P nanoparticle. (b) Simulated diffraction patterns for
a crystal with the Fe2P structure. The angles of rotation about the [010]
vertical axis are indicated.

using spatially resolved EELS with a 5Å probe, as reported
elesewhere.17 Quantitative EDX analyses were used to provide
values for the nanoparticle compositions of Ni/Fe/P ∼ 45/28/
27 at. % for 80Ni-20Fe and Fe/Co/P ∼ 55/14/31 at. % for
90Fe-10Co. Close to these compositions, the phase diagrams
suggest that the following crystal structures are possible:
hexagonal “Fe2P” (or “Ni2P”), orthorhombic “Co2P”, hexagonal
“Ni5P2”, tetragonal “Ni12P5”, and tetragonal “Fe3P” (or “Ni3P”).
HRTEM revealed that most of the particles were single crystals
(lower part of Figure 1b), although the largest crystals could
contain several distinct grains. In addition, HRTEM evidenced
that the filament walls are made of well-defined graphene layers
parallel to the particle surface (upper part of Figure 1b). The
crystal structure varied between particles within a given filament,
usually between “Fe2P” and “Fe3P” structures. The left side of
Figure 2 shows representative experimental electron diffraction
patterns acquired from a single encapsulated crystal, for different
rotation angles about one symmetry axis (labeled x). The
diffraction patterns can be attributed to an Fe2P-type crystal
structure by comparison with simulated patterns for an Fe2P
crystal in different orientations about its [010] axis (right side

Figure 3. (a) Topography, (b) amplitude, and (c) MFM images of a
nanotube periodically encapsulating Fe-Co-P nanoparticles.

of Figure 2). Simulations were calculated using the code
CRYSTALDIFFRACT within the kinematical theory.
The magnetic properties of both the encapsulated Ni-Fe-P
and Fe-Co-P particles were initially studied at room temperature using MFM. The positions of the encapsulated particles
could be determined easily in AFM mode (Figure 3a,b), thanks
to the presence of local increases in the widths of the nanotubes
(see Figure 1). While MFM measurements did not show a
magnetic signal from any Ni-Fe-P particles (data not shown),
strong magnetic contrast was observed from the largest FeCo-P particles (with combined nanotube widths in excess of
60 nm), which were typically found at the ends of filaments
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Figure 4. (a) Magnetic induction map overlaid onto an amplitude
image of a 52 × 98 nm Fe-Co-P nanoparticle. Contour spacing is
0.125 rad. (b) As for Figure 4a, but a smaller particle (40 × 16 nm,
contour spacing 0.125 rad), more representative of those found
periodically inserted into nanotubes. (c) Two periodically spaced
particles in a nanotube, of a similar size to the one shown in Figure
4b. Contour spacing 0.06 rad.

(Figure 3c). No magnetic contrast was observed from the
smallest particles, for which the combined nanotube width was
below 60 nm, as measured by AFM. TEM observations indicate
that combined widths in excess of 60 nm typically correspond
to nanoparticles with dimensions greater than l × w ∼ 60 × 30
nm. To determine whether this lack of contrast resulted from
the detection limit of the technique or from the superparamagnetic limit of the nanoparticles, off-axis electron holograms of
the samples were acquired. This technique, which allows the
phase shift of the electron wave that has passed through a
specimen to be measured in the TEM, is noninvasive and allows
the magnetic induction in the specimen to be recorded in
transmission rather than close to its surface. Unwanted contributions to the measured phase shift from variations in mean inner
potential were removed by using the conventional TEM
objective lens to saturate each catalyst particle magnetically
parallel and then antiparallel to its long axis. The magnetic
contribution to the phase shift was obtained by determining half
of the difference between phase images that were acquired with
the catalyst particles magnetized in opposite directions, with
the objective lens turned off and the sample at remanence.
Contours were added to the resulting magnetic phase images
to reveal the magnetic flux density in the specimen quantitatively. This procedure is described in detail elsewhere.22 Electron
holography was used to confirm that the largest Fe-Co-P
nanoparticles were ferromagnetic at room temperature, as shown
in Figure 4a for a l × w ) 98 × 52 nm ellipsoidal Fe-Co-P
nanoparticle. Both the (slightly “S”-shaped) magnetic flux
distribution in the particle and the return flux around it confirm
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that it is ferromagnetic. This particle has an “Fe2P” crystal
structure (as determined by HRTEM), with its [001] easy axis
of magnetization parallel to the observed phase contours but
30° out of the specimen plane. The phase shift across this
particle is approximately 1.5 rad, corresponding to a magnetic
flux density of between 0.5 and 0.8 T, assuming that the particle
is magnetized throughout its measured diameter, with the range
of values reflecting different possible particle geometries and
inclinations of the magnetization from the specimen plane. This
value is in good agreement with the expected value for an Fe2P
crystal (see below). Particles of intermediate size (typically down
to l × w ∼ 40 × 15 nm) were also found to be ferromagnetic
at room temperature: Figures 4b,c show magnetic induction
maps obtained from 40 × 15 nm encapsulated ferromagnetic
particles. For substantially smaller particles, the signal-to-noise
ratio was too low to allow their magnetic properties to be
determined with confidence from single pairs of holograms. For
Ni-Fe-P particles, electron holography performed using the
same procedure confirmed the absence of a measurable ferromagnetic signal at room temperature from particles of any size.
These results are in good agreement with the known magnetic
properties of the bulk metal phosphides (Fe1-x, Mx)2P and
(Fe1-x, Mx)3P (M ) Ni, Co). Fe3P is ferromagnetic, with a Curie
temperature of ∼700 K and a saturation magnetic moment of
122 µB‚nm-3, corresponding to a magnetic flux density of 1.4
T. For comparison, bulk iron has a saturation magnetic moment
of 187 µB‚nm-3. The substitution of a small amount of Fe by
Co (x < 0.4) does not modify these properties substantially,
whereas substitution by Ni decreases the Curie temperature and
the magnetic moment dramatically.19 Fe2P is ferromagnetic, with
a Curie temperature of 265 K and a saturation magnetic moment
of 80 µB‚nm-3, corresponding to a magnetic flux density of
0.93 T. The substitution of a small amount of Fe by Co or Ni
results in a significant increase in the Curie temperature to above
room temperature, up to 342 K for xNi ) 0.08 and up to 459 K
for xCo ) 0.38.18 For higher concentrations of Ni or Co, the
Curie temperature decreases dramatically to below room temperature. The addition of Ni is therefore generally detrimental
to the ferromagnetic properties of such crystals, while, over a
large range of Co compositions, both “Fe2P” and “Fe3P”-type
compounds are ferromagnetic at room temperature. These
properties are in good agreement with our local magnetic
measurements for the different compositions of metal phosphide
nanoparticles and explain why a ferromagnetic signal can be
observed from Fe-Co-P particles at room temperature, but
not from Ni-Fe-P particles. A detailed study of the influence
of particle structure, orientation, shape, and separation on
magnetic properties will be published elsewhere.
It is worth mentioning that our initial efforts to determine
the magnetic properties of the encapsulated nanoparticles by
conventional (SQUID) magnetometry were hindered by contamination of the bulk samples by metal particles outside the
nanotubes. These particles originated from the deposited metal
layer, during the ultrasonic treatment necessary to detach the
nanotubes from their macroscopic support (anodic alumina). A
significant aspect of this study is that, in contrast to conventional
macroscopic magnetic measurements, which may be influenced
by metal catalyst contamination outside the nanotubes, the
magnetic properties of the encapsulated particles were determined unambiguously by local characterization at the nanometer
scale.
Conclusion
In conclusion, we have demonstrated that the SCG mechanism
can be used to encapsulate room-temperature-ferromagnetic
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nanoparticles periodically in carbon nanotubes. Over the
measured range of particle sizes, the encapsulated nanoparticles
have saturation magnetizations that are close to those expected
for bulk metal phosphides of the same structure and composition.
When compared with previously reported methods, SCG has
the advantage of allowing the encapsulation, along the entire
length of each nanotube, of regularly spaced nanoparticles that
have well-defined sizes and shapes. Since the periodicity of the
particles is correlated directly with the instantaneous growth
conditions,17 SCG is also important for achieving a high degree
of structural control over the final composite structures.
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