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Abstract

Shell—core structures of Fe(C), Co(C) and Fe—Co(C) nanocapsules, prepared
by an arc discharge process in a mixture of methane and helium, have been
demonstrated by means of high-resolution transmission electron microscopy
(HRTEM). These nanoscale magnetic cores are protected by graphite shells.
It has been found that the zero-field-cooled (ZFC) magnetization of Fe—Co(C)
nanocapsules that display different characteristics in three temperature ranges
can be well interpreted in terms of the unblocking of magnetization of small
single-domain particles and the depinning of large multidomain particles. The
saturation magnetization of these nanocapsules decreases monotonically, while
the coercivity decreases significantly with increasing temperature.

1. Introduction

Since the discovery [1] and preparation [2] in macroscopic quantities of Cgp, there have
been extensive investigations on fullerenes [1, 2], carbon nanotubes [3, 4], carbon-coated
nanocapsules and a wide range of carbon-based materials [5, 6]. Recently, we successfully
fabricated carbon-encapsulated magnetic nanocapsules by an arc discharge process in a
methane (CH,4) atmosphere, where a carbon rod served as the cathode and a metal or alloy
block as the anode [7, 8]. In this paper, we give direct evidence for the formation of a shell-
core structure of Fe(C), Co(C), Fe—Co(C) nanocapsules using high-resolution transmission
electron microscopy (HRTEM). The temperature dependences of their magnetizations reveal
a very wide energy barrier distribution due to a wide distribution of particle size.
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2. Experimental details

Fe—Co(C) nanocapsules were prepared by the arc discharge process [7, 8]. The Fe;oCosq alloy
to be evaporated served as the anode, while a carbon rod served as the cathode. As the reactant
gas and a source of hydrogen plasmas, a mixture of 30% methane (CH4) and 70% helium
was introduced into the evacuated chamber until the gas pressure in the chamber reached
100 Torr. When a voltage of 20-30 V was applied, the Fe—Co alloy was evaporated while
CH,4 decomposed into C and H. Fe(C) and Co(C) nanocapsules were produced by the same
process, except that Fe and Co blocks served as anodes, respectively. These nanocapsules
were collected from the water-cooled wall of the chamber for different experiments. TEM
samples were prepared in two steps: (a) the nanocapsules were first dispersed in ethyl alcohol
by an ultrasonic field; and (b) a drop of the suspension was then allowed to evaporate onto a
carbon-coated TEM mesh grid. The morphologies of the nanocapsules were observed using
a JEOL 2000EX HRTEM operating at 200 kV. Their magnetization was measured in the
temperature range from 4.2 to 350 K, either by using a superconducting quantum interference
device (SQUID) magnetometer or by a VSM equipped with a superconducting coil with the
maximum magnetic field of 5 T.

3. Results and discussion

Lattice images with interplanar spacings larger than 0.17 nm can be easily obtained using
the JEOL 2000EX HRTEM, from which crystalline phases can be identified. Figure 1 shows
three HRTEM images recorded from Fe(C), Co(C) and Fe—Co(C) particles. The common
structural feature of all three kinds of particle is the capsule morphology—that is, each particle
is composed of a core and a shell. All shell layers are characterized by curved lattice fringes of
interplanar spacing 0.34 nm corresponding to the (0002) lattice plane of graphite. This suggests
that these shells are graphitic carbon. The average shell thicknesses of the Fe(C), Co(C) and
Fe—Co(C) capsules are 2.0 nm, 1.0 nm and 3.4 nm, respectively. No other type of shell is
observed by means of HRTEM. X-ray diffraction (XRD) spectra (figures 2(a) and 2(c)) of
Fe(C) and Fe—Co(C) capsules also show the graphite-related peak at 26 = 26° corresponding
to d = 0.34 nm. No diffraction peak occurs at 26 = 26° in the XRD spectrum (figure 2(b)) of
Co(C) capsules. This is because Co(C) shells are too thin to give rise to a detectable XRD peak.

It has been proved that the graphite shells can protect nanocapsules from oxidation [7, 8].
No peak of the oxides is observed in the XRD patterns shown in figure 2. X-ray photoelectron
spectra (XPS) revealed that the shell of the Fe—Co(C) nanocapsules does not contain oxygen,
and protects the particles from oxidation. The contents of oxygen determined by an oxygen
measurement system are 3.60 and 0.72 wt% for the Fe—Co ultrafine particles and the Fe—
Co(C) nanocapsules, respectively [7, 8]. The magnetization of the Fe—~Co(C) nanocapsules is
higher than that of the Fe—Co ultrafine particles, because there is less oxidation in the former
case [7, 8].

HRTEM lattice images indicate that the core phases are bcc o-Fe(C) and orthorhombic
Fe;C in Fe(C) capsules, fcc Co(C) in Co(C) capsules and bcc Fe—Co alloy in Fe—Co(C)
capsules. This is supported by the XRD spectra of these capsules (figure 2). It is apparent
that alloying Co into Fe can stabilize the bcc phase. The interface between the graphitic shell
and the core is very sharp, showing that there is no intermediate phase. According to HRTEM
observation, the bce a-Fe(C) and orthorhombic Fe;C in Fe(C) capsules are usually in different
particles with small particle size. In some cases, they can coexist in one particle with a large
particle size. It is clear that there is no particle with a shell of Fe;C.
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Figure 1. HRTEM images showing the shell-core structure of (a) Fe(C), (b) Co(C) and (c) Fe—
Co(C) nanocapsules.
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Figure 2. X-ray diffraction spectra of (a) Fe(C), (b) Co(C) and (c) Fe—~Co(C) nanocapsules.

Particle sizes range from 10 nm to 100 nm, from 4 nm to 50 nm and from 10 nm to 170 nm
as measured from HRTEM images of Fe(C), Co(C) and Fe—Co(C) capsules, respectively. It is
obvious that the anode materials play an important role in the evaporation and condensation
process and consequently also in determining the particle sizes.

The low-magnetic-field temperature-dependent magnetization has been measured in zero-
field-cooled (ZFC) and field-cooled (FC) processes in order to obtain the energy barrier
distribution (or size distribution) [11]. The procedure for the ZFC-FC magnetization
measurement is as follows. The samples were first cooled in zero field to 5 K; then a
magnetic field of 0.01 T or 0.1 T was applied to the samples. After that, the magnetization
was measured in the warming process up to 350 K; thus the ZFC magnetization curve was
obtained. The FC magnetization was measured while cooling the sample to 5 K with the same
field. Figure 3 shows the ZFC—FC magnetization curves of Fe—Co(C) nanocapsules. The ZFC
magnetization increases with temperature rapidly in two temperature ranges, from 5 to 75 K
and from 300 to 350 K, but linearly between 75 and 300 K. Since the typical single-domain
sizes of iron and cobalt for spherical shape are about 14 nm and 70 nm, respectively [9],
and the upper limit of the particle sizes in our samples is about 170 nm, each temperature
range may be associated with different mechanisms of magnetic alignment. Below 75 K, the
relatively sharp increase of the ZFC magnetization may be due to some small particles with
their blocking temperature falling in this temperature range. The blocking temperature 7T
can be determined from 25k Tp = KV, where KV is the anisotropy energy barrier; K and
V are the effective anisotropy constant and the volume of particle, respectively [10-12]. The
anisotropy at room temperature of pure cobalt (4.12 x 10° J m~?) is almost one order larger
than that of pure iron (4.81 x 10* J m~?) and the large anisotropy of the former is attributed to
its low-symmetry hexagonal structure. The Fe—Co(C) nanocapsules in the present work were



Shell/core structure and magnetic properties of carbon-coated Fe—Co(C) nanocapsules 1925

5.0
'5\.\.\.
4.5 .“H.‘.__.\
.‘.i._ﬁ.
-0 o o4
4.0 .
~ | |
2 o
8 ast —
— I am
2 | mEE =
L
30
f Fe Co, (C) Nanocapsules
[
75 _:’I —u— Zero field cool
—e— Field cool
20 1 1 1 1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350
T (K)

Figure 3. Zero-field-cooled (ZFC) and (B = 0.01 T) field-cooled (FC) magnetization curves of
Fe—Co(C) nanocapsules.

prepared by evaporating Fe;oCosq alloy, which has the same cubic structure as the pure iron.
The anisotropy of the Fe;,Coj alloy is close to that of the pure iron. Thus we can estimate the
upper limit of the diameter of these small particles D = 9—11 nmby using K = 5.4x 10*Jm~*
which is the anisotropy constant around liquid-He temperature for pure Fe. As shown above,
the particle size ranges from 10 nm to 170 nm, measured from HRTEM images of Fe—Co(C)
nanocapsules. The average shell thickness of Fe—Co(C) capsules is 3.4 nm. Therefore, the
lowest value for the size of the magnetic cores in the Fe—Co(C) capsules should be about 3 nm.
From the magnetic behaviours at low temperatures, we estimate the upper limit of the diameter
of the small particles to be D = 9—11 nm. The upper limit of ‘small particles’ estimated from
the magnetization is higher than the lower limit of the size of the magnetic cores observed by
TEM. Thus, it can be concluded that the small particles which are responsible for the relatively
sharp increase of the ZFC magnetization have been observed. However, it is difficult for us to
reach a conclusion as to how many would be needed to account for the effect observed. We
estimate that at least a 10% volume fraction is necessary for showing the unusual phenomena
observed.

In the temperature range from 75 K to 300 K, there may still be a contribution of single-
domain particles with a blocking temperature, but the linear increase of the magnetization with
temperature can be mainly ascribed to the depinning of domain walls in multidomain particles
[10-12]. When a small field is applied to multidomain particles at a low temperature, the
domain structure changes immediately to a critical state, which is determined by the pinning
barrier to the domain walls. Then the magnetization increases slowly, i.e. by a long-time
relaxation process. The relaxation process is due to the depinning of domain walls caused by
the thermal agitation. The barriers can be due to the structural imperfections in the particles.
The sharp increase at 300 K can be considered as due to the particles with blocking temperature
higher than 300 K. Similarly, the lower limit of the size for this group of particles can be
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estimated: D = 17 nm, which is in agreement with HRTEM analysis. Measurements in the
temperature range above 350 K are necessary for obtaining the distribution of the size or the
energy barrier of the particles.

Although there are effects from the surface layers and from defects inside the particles, to
simplify consideration one could neglect these effects and treat the contribution to the measured
total magnetization by a particle as approximately proportional to the volume of its magnetic
core, e.g. M o D3. On this basis, the magnetization for 100 particles each with a 5 nm core
diameter is approximately the same as that for a large particle with a 20 nm core diameter.
Consequently, the overall behaviour of the magnetization for our samples will be dominated by
the very large, multidomain particles—for example, the M (T) data in the temperature range
75 K to 300 K. Only when rotating the magnetic moment coherently for the small particles is
the behaviour of M (T) dominated by the small particles—e.g. M (T) at 300 K to 350 K.

Figure 4 shows zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of
Fe(C) nanocapsules between 5 and 250 K. The ZFC magnetization increases with temperature
rapidly from 5 to 30 K and smoothly from 50 to 250 K. There is a peak around 30 K. This
peak can be ascribed to a group of Fe particles with a volume distribution whose blocking
temperatures are around 30 K. It is evident that the number of particles whose blocking
temperatures are about 30 K is much larger than that for Fe—Co samples. Actually the ZFC
curve can be considered as the sum of a typical ZFC curve with a blocking temperature of about
30 K and the ZFC curve originating from the magnetic domain wall depinning in multidomain
particles. Since the contribution to the total magnetization changes from the small single-
domain particles is larger than that from domain wall depinning in multidomain particles in
the temperature range from 5 K to 50 K, the peak at 30 K is quite prominent, which is similar
to the case for the peak at (or above) 350 K in Fe—Co systems (figure 3). Similarly to the case
for the Fe—Co(C) nanocapsules, the small particles have been observed by means of HRTEM
for the Fe(C) nanocapsules.

One may note that the linear parts of M (T) for the Fe—Co (figure 3) system and the Fe
system (figure 4) are quite similar, but with different slope. The slope of the linear part of
the M(T) curve in figure 3 is larger than that of figure 4. This can be explained as due to
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Figure 4. Zero-field-cooled (ZFC) and (B = 0.1 T) field-cooled (FC) magnetization curves for
Fe(C) nanocapsules.
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the different applied magnetic fields. In Fe—Co systems the applied field is 0.01 T, which is
ten times less than the 0.1 T applied to the Fe system. Since the field of 0.1 T applied to
the Fe system is quite large, it can overcome most small pinning barriers, and set the domain
configuration much nearer the saturation configuration. Therefore, the relative increase in
magnetization caused by domain wall depinning due to the thermal agitation with increasing
temperature (ZFC) is smaller than that in the situation where the increase in magnetization
with increasing temperature is due to the domain wall depinning through the small barriers.
Figure 5 shows the hysteresis loop of Fe—Co(C) nanocapsules at 350 K. The shapes of the
hysteresis loops at lower temperatures are similar, except for the larger saturation magnetization
and coercivity that increase with decrease of the measuring temperature. It is noted that the
saturation magnetization is 98.6 A m? kg~!, which is less than half of that for the pure bulk

Fe. This is due to a large amount of carbon in the nanocapsules.
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Figure 5. The hysteresis loop at 350 K of Fe—Co(C) nanocapsules.

Temperature dependencies of the magnetizations of Fe(C) and Fe—Co(C) nanocapsules are
shown in figures 6(a) and 6(b). The magnetization, for both kinds of nanocapsule, decreases
monotonically with increasing temperature. This behaviour is similar to that of the bulk
materials. No spin-reorientation transition is found in these magnetization curves. The higher
magnetization of the Fe—Co(C) nanocapsules, compared to that of the Fe(C) nanocapsules, is
ascribed to the effect of alloying with cobalt, increasing the magnetization of the Fe—Co(C)
nanocapsules, and also to the existence of the FeC3 phase reducing the magnetization of Fe(C)
nanocapsules. Figures 7(a) and 7(b) give the temperature dependences of the of Fe(C) and
Fe—Co(C) nanocapsules; these coercivities drop significantly with increasing temperature. The
coercivity of Fe(C) at 5 K is higher than that of Fe—Co(C) nanocapsules. But the coercivities of
the two samples are very close at room temperature. The coercivity of the nanocapsules is about
0.02 T at 350 K and is almost two orders of magnitude higher than that of the corresponding

bulk material.
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Figure 7. The temperature dependence of the coercivity of (a) Fe(C) and (b) Fe—Co(C) nano-

capsules.

4. Summary

In summary, we have demonstrated in detail shell-core structures of the Fe(C), Co(C) and Fe—
Co(C) nanocapsules prepared by arc discharge in a mixture of methane and helium. Three types
of temperature dependence of the magnetization have been found in the ZFC M—T curve for the
Fe—Co(C) nanocapsules. All of these magnetization behaviours can be interpreted in terms of
the unblocking of the magnetization of the small single-domain particles and the depinning of
the large multidomain particles. The saturation magnetization of these nanocapsules decreases
monotonically, while the coercivity decreases significantly with increasing temperature.
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