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One of the major challenges in the synthesis of ferromagnetically filled carbon nanotubes is the

achievement of high coercivities. Up to now the highest coercivity has been shown to be 2200 Oe at 2 K

ranging down to 500 Oe at temperatures of 300 K. Here we show that the anomalously large coercivity

of 3440 Oe is observed in comparable samples. By comparing our result to those reported in previous
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studies no correlation is found between coercivity and the shape anisotropy or the crystal-diameter.

Instead we suggest that the main parameter which controls the coercivity of these structures is the

DOI: 10.1039/c7ral13671d

rsc.li/rsc-advances

Introduction

In the last decade carbon nanotubes (CNTs) have become
a major focal point of nanotechnology owing to their excep-
tional physical, chemical and mechanical properties."® These
nanostructures have been considered ideal candidates for
numerous applications in the field of aerospace,® artificial
muscles,® buckypaper and nano-containers or nano-capsules’*
in addition to many others. In particular, the use of these
structures as nano-containers can allow for the protection of
a desired material or crystal from the external environment
since the CNT walls can chemically passivate the encapsulated
material, ensuring a longer life-time.”?® Consequently, the
encapsulation of orthorhombic, ferromagnetic Fe;C single
crystals inside CNTs has attracted much attention for their
potential to possess exceptional saturation magnetizations and
coercivities.”'**>14212” Indeed, reports have already shown that
Fe;C-filled CNT structures can reach extremely large coercivities
of 2200 Oe at 2 K* as well as high saturation magnetization
values up to 110 emu g '.» These properties make them
particularly suitable candidates for application in data
recording devices, exchange bias systems and quantum disks
where high data storage densities are desired."* Thus far, the
high coercivities of these structures have been reported to
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interplay of the grain size and shape anisotropy. We attribute the anomalous coercivity to the grain size
being below the calculated single magnetic domain limit.

depend strongly on the shape anisotropy and crystallinity of the
encapsulated crystals.”® Furthermore, exchange bias or inter-
actions have been reported to play an important role.”*°
However, despite the work already carried out, the competing
role of the two anisotropic parameters, namely the shape
anisotropy and magnetocrystalline anisotropy on the control of
the crystal coercivity has not yet been considered or understood
experimentally. The investigations up till now have been
focused on the theoretical aspect of the anisotropy and, to the
best of the authors knowledge, whilst there has been some
experimental evidence a complete experimental study for
comparison to theory is yet to be performed for the interplay
between the two forms of anisotropy.

Even without a full understanding of the root of such large
coercivities in these materials much effort has been made to syn-
thesise materials with higher and higher coercivities. The typical
method reported in the literature generally involves
ferromagnetically-filled CNTs grown on top of thermally oxidized
Si/SiO, substrates through chemical vapour deposition (CVD) of
metallocenes. Two main approaches are generally used: solid-
source CVD in which an organometallic material, ferrocene,***
is evaporated and pyrolyzed at high temperatures in inert gas
conditions or liquid source CVD in which one or more organo-
metallic materials are dissolved into a liquid precursor generally
consisting of a hydrocarbon (toluene, n-chlorobenzene, etc.) and
then used in the same manner as the solid source CVD.”" The
decomposed metallocene in both processes has been reported to
contain Fe + H, + CH, + CsHg + ... species which react on the
surface of the substrates to nucleate the particles from which the
CNTs and single-crystal filling grow simultaneously in the form of
a highly ordered film with vertical alignment.”™ When the
precursor used is the only ferrocene, the CNTs tend to encapsulate
mixed or single Fe based phases such as Fe;C, a-Fe or y-Fe."”* In
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order to avoid the formation of such mixed phases within the CNT
capillary a post-synthesis fast-cooling step (quench) is generally
used for the encapsulation of large quantities of the Fe;C phase.*®
The chosen flow-rate of the inert gas (Ar or N,) can also play an
important role in controlling the phase-composition of the
encapsulate crystals: fast flow rates of 100 ml min~" have been
generally reported to favour the formation of high a-Fe contents,
while low vapour flow rates generally lead to the encapsulation of
a higher Fe;C content due to the higher concentration of carbon
feedstock in the CVD system.*®

In this work we employ such synthesis methods as we focus
our attention on the control of the coercivity property of Fe;C
crystals encapsulated inside multiwall CNTs. In particular, we
report the synthesis of single phase Fe;C-filled CNT structures
which exhibit an anomalously large coercivity of 3440 Oe, much
larger than the value previously reported of 2200 Oe for the
specific case of CNTs filled with the same ferromagnetic
phase.” We show that by comparing our result to those reported
in previous studies no correlation is found between coercivity
and only the shape anisotropy or diameter. Instead we suggest
that the main parameter which controls the coercivity of these
structures is the interplay of the grain size and shape anisot-
ropy. We demonstrate the large coercivities of these structures
through SQUID magnetometry. The morphology, filling rate
and crystal structure are demonstrated through scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray diffraction (XRD).

Results and discussion

Magnetic properties

As mentioned above high magnetic coercivities are desirable for
the application of ferromagnetic-filled CNTs in exchange bias
and data storage devices. With this in mind, a typical method
was employed to synthesise pure, single phase Fe;C-filled CNTs.
The CNT structures were grown using solid source CVD on
silicon substrates for which the full details are described in the
Experimental section. Naturally, once synthesized the magnetic
characteristics were measured to compare with previously re-
ported values in literature. Fig. 1a shows the results of these
measurements at 50, 100, 150 and 200 K. The first point to note
is that the CNTs are ferromagnetic as expected for Fe;C and
exhibit a conventional hysteresis loop with a saturation
magnetization value comparable to previously measured
systems of the same material.” Both the saturation magnetiza-
tion and coercivity can be determined for each temperature. In
order to firstly understand whether a single phase of Fe;C or
multiple phases in the filling were contributing to the magnetic
behaviour the saturation magnetization as a function of
temperature was plotted. This is shown in Fig. 1a and the full
hysteresis loops for each temperature are shown in the inset. It
is immediately clear that the saturation magnetization is
increasing with decreasing temperature as would be expected
for a typical ferromagnetic material with no unusual behaviour
which would instead be observed in presence of antiferromag-
netic components like y-Fe.'”*®

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) Saturation magnetisation as a function of temperature and
full hysteresis loops (inset). (B) Coercivity as a function of temperature
with full hysteresis loop for 5 K (inset).

Having established that the Fe;C-filled CNTs synthesized
appear to follow the magnetisation behaviour of those previ-
ously reported,’ attention was turned to the more critical
property — the magnetic coercivity. This is plotted as a function
of temperature in Fig. 1b. Initially the coercivity at 200 K (1107
Oe) seems to match with previously reported values in these
materials.” However, on closer investigation an interesting
behavior emerges as the temperature is decreased; the coer-
civity increases more rapidly than in previous reports. In fact,
the value at 50 K is already slightly higher (2258 Oe) than the
highest reported value in these systems of 2200 Oe, which was
measured at the lower temperature of 2 K. This is very
surprising as the materials initially appear very similar in
nature and would be expected to exhibit similar behavior. To
probe this increased coercivity further the value for the coer-
civity at 5 K was determined to directly compare with value
determined at 2 K in the literature*® (the full hysteresis at 5 K is
shown in the inset of Fig. 1b). The result was even more
surprising as the coercivity was significantly higher at 3440 Oe
and forms the key point of the work reported here. In fact, to the
best of the authors knowledge, this is the highest coercivity
reported to date for Fe;C-filled CNTs. Such a coercivity is very
exciting and indeed has great promise for future application but
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the source of this anomalously high value needs to be under-
stood. Thus in the following sections the growth, morphology
and structure of the synthesized CNTs are studied in more
depth.

Morphology and structure

In order to understand the origin of the high coercivity SEM and
TEM micrographs were taken to establish the exact morphology
of the CNT systems. Fig. 2 shows the SEM micrographs at
various scales for the obtained structures. The first point to
notice is that the CNTs appear to be formed in ordered sections
with length in the order of hundreds of microns.

On closer inspection the CNTs growth mode becomes more
apparent. It can be observed that all the CNTs originate from
a catalyst particle formed in a crust-like catalyst layer. This layer
then breaks up after growth resulting in the ordered sections
observed. The second point to notice is that the CNTs are
densely packed and highly aligned in the individual sections
which is desirable for data storage applications. One key point
when considering the magnetic behavior however, is that
despite being so densely packed, the separation between Fe;C
particles in neighboring tubes is still in the order of tens to
hundreds of nanometers so one would not expect there to be
a direct dipolar magnetic interaction between the particles as
they are spatially too far separated. Thus, attention was then
turned to the morphology and structure of the particles inside
the individual tubes. Fig. 3 shows the TEM micrographs for the
Fe;C-filled CNTs.

It can be seen from micrograph A that the Fe;C filling is not
continuous along the tube. If an individual tube is focused on as
in micrograph 3B two interesting points can be observed. The
first is that the separation of the particles within a single tube is
in the order of 50 nm at which distance a direct exchange
interaction would not be expected. The second point of interest
is that it is in fact possible to track the growth direction of the
tubes thanks to the presence of graphene-like caps which are
oriented toward the CNT-growth direction. The presence of
these caps is generally observed in one type of CNT growth
mechanism known as the -catalyst-pool method.”® Lastly
micrograph D shows that the length and diameter of the indi-
vidual particles can be determined and are important in
understanding the role of the anisotropy discussed later. A
further, more detailed HRTEM image along with its electron

Fig.2 Typical SEM micrographs showing the morphological quality of
the as grown CNTs films. Notice the presence of a catalyst layer on the
bottom of the film.
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Fig. 3 TEM micrographs showing in (A) the typical cross-sectional
morphology of the carbon nanotubes with an average diameter of
approximately ~50 nm. In (B-D) typical examples of encapsulated
particles are shown. Graphene like caps were also observed and
suggest the presence of a catalyst-pool growth mechanism.

diffraction pattern can be seen in Fig. S-1 confirming the
crystallinity of the filling. Since the morphology of the system
offers no clear explanation for the anomalously high coercivity,
further investigations were performed on the structure and
phases of the nanowires. As mentioned earlier the presence of
two Fe-based phases within the same nanowire can result in
additional magnetic interactions in presence of direct physical
contact or if the conditions are correct such as the interaction
distance. Fig. 4 shows a typical example of the powder X-ray
diffractogram obtained for the produced sample.

In particular, the Rietveld refinement was used to assign the
observed peaks to the right Fe-based phase. The refinement and
the baseline are shown by the solid red and green lines
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Fig. 4 XRD diffractogram and Rietveld refinement of the as grown
sample showing the presence of a single crystalline phase of FezC.
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respectively along with the peak assignments in Fig. 4. It
immediately becomes clear that, whilst there is some preferred
orientation present, thus accounting for the slight differences
in the fitted and actual peak amplitudes, the filling consists of
only a single Fe;C phase with space group Pnma (database card
1008725 extracted from the Crystallography Open COD data-
base). This agrees with the saturation magnetization data pre-
sented earlier which demonstrated no unusual features with
temperature. In addition, XPS measurements (ESI Fig. S-27)
confirm only the presence of Fe and C as the main contribution.
Thus, we can conclude that the morphology and structure of the
Fe;C-filled CNTs reported here are consistent with previously
reported systems of a similar nature and are consequently not
expected to be the direct cause of any high coercivity.

Size, shape and anisotropy

As introduced earlier there have been some previous studies
that strongly correlate the change in the dimensions or shape
anisotropy to the change in coercivity in these materials. Up till
now these studies have focused on the physical size of the
elongated particles also referred to as nanowires. One key study
was that by A. Morelds-Gomez et al. who performed in-depth
simulations of the result of changes in diameter and the
aspect ratio on the coercivity in ferromagnetic nanowires
encapsulated in carbon nanotubes."” They show with experi-
mental and theoretical studies how it is possible to control the
coercivity to high values by reducing the diameter of the wire/
particle. It is concluded that highly aligned nanowires with
dimensions in the order of 5 nm diameter by 25 nm length
should be achieved to obtain high coercivities suitable for
device application. They also conclude that the aspect ratio of
the wire is not significant in controlling the coercivity. Conse-
quently, to ascertain how the size and shape of the particles in
the CNTs reported here are influencing the coercivity, we
determined the statistical distribution of the diameter and
length of 174 different particles from the TEM micrographs.
Fig. 5 shows the resultant histograms for both the diameter and
length of the particles.

The first point to note is that the distribution is reasonably
central and has a FWHM of around 5 nm. The second point to
note is that the diameter of the particles is in the order of 9 nm
and the length is around 35 nm which is directly comparable to
the diameter and length of the nanowires produced in the

35 M . - M .
Ave.=9.3 nm ) Ave.=35.1 nm
30+ -
20 .
25 _
= =
g 20} 4 S5t i
5] 1]
O 15F 19 10k -
10~ -
sk 4 2 7
O T T T T Y T T T T T
4 8 12 16 20 20 30 40 50 60 70 80
Width (nm) Length (nm)

Fig. 5 Statistical distribution of diameter and length of the encapsu-
lated FesC crystals.
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aforementioned study.** Given that the morphology, structure
and size of the encapsulated Fe;C crystals are the same then it
remains curious as to why the coercivity is so much higher than
the values reported in literature. Following the idea of A.
Morelos-Gomez et al.*® that the diameter of the nanowire (for
a fixed length of 80 nm) is the key factor, then in order to ach-
ieve the values reported here, the diameter would have to be
smaller than 5 nm. This is roughly a factor of two less than that
measured from the TEM micrographs. Thus the diameter alone
cannot be considered the key factor for the high coercivity re-
ported here.

One must then consider both the shape and magneto-
crystalline anisotropy of the particles. In this case the former
would not be expected to play a significant role as whilst the
particles are narrow, the average length is only in the order of
35 nm providing an aspect ratio of just under 4. This aspect
ratio is not dissimilar to the previously reported cases which
also do not show such a high coercivity resulting from the
aspect ratio. In fact, for the average diameter in this work,
reducing the length from around 70 nm to 40 nm has been
shown to decrease the coercivity, which corresponds with the
idea that the shape anisotropy is reduced. We thus consider the
magneto-crystalline anisotropy and any effects resulting from
the grain size of the Fe;C. The average grain size was deter-
mined from the XRD peak width to be 7.2 nm. This is typically
very small and is well in the size range of single domain and
even paramagnetic particles.

It is possible to calculate the upper single domain limit in
such systems and several discussions on the different methods
are published in the literature. The calculation shown here was
performed using eqn (1) from the report of Blundell:*

It/ A(Ksy — Kina)

1
:u'()l‘ds2 ( )

T'Fe;¢ <
here Kj, is the shape anisotropy energy density of an elongated
Fe;C ellipsoid of revolution (0.3 x 10° ] m™3), Ky, is the mag-
netocrystalline anisotropy energy density of an elongated Fe,;C
(K™ = 0.394 x 10°J m > and K3 = 1.88 x 10° ] m ) ellipsoid
of revolution, M; is the saturation magnetization (9.8 x 10° A
m~ " for Fe;C) and 4 is the exchange stiffness constant that is 8.7
x 107" I m™" for Fe;C.>*** The exchange stiffness constant can
be written as shown in eqn (2):2%>73932

B 2J8%z
T oa

A

(2)

where J is the exchange integral, a is the nearest neighbour
distance, z is the number of sites in the unit cell (z = 2 for body
centered cubic) and S the spin.*® The critical radius value
determined for the slightly elongated Fe;C particles in this
study was 23 nm. A key point to note in this calculation is that
the shape anisotropy is accounted for by taking the difference
between the two anisotropy energy coefficients. The question
then remains if there is any presence of superparamagnetism.
Nominally one would expect a collapse in coercivity above the
blocking temperature in the superparamagnetic particles,
resulting from spins being able to flip with ease between the
different magnetisation axis. This is then frozen out below the

RSC Adv., 2018, 8, 1382013825 | 13823
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blocking temperature. Although no such collapse is seen in the
coercivity, the squareness factor (ESI Fig. S-31) and magnet-
isation behaviour as well as the increased coercivity with
temperature are comparable with recent studies where this
behaviour is indicative of superparamagnetism.** The critical
value of the squareness factor reported for superparamagnetic
systems in literature is 0.5,** which is consistent with the values
obtained from the hysteresis curves measured here (0.38 at 200
K to 0.62 at 5 K). The lack of collapse can be understood if one
considers the distribution of the particle size. The variation can
result in only a small percentage of the particles being in the
superparamagnetic regime. The magnetic properties would
then be expected to be limited by the largest particle size. Thus,
it is possible that the particle size is at the limit between single
domain and superparamagnetic behaviour.

Experimental

200-300 mg of decamethyl-cyclopentadienyl-iron was evapo-
rated (T = 300 °C) and pyrolyzed (T = 900 °C at the reaction
deposition) in a CVD reactor consisting of a quartz-tube of 1.5
m, outer diameter of 22 mm and wall thickness of 2.5 mm and
a tube furnace set at the temperature of 990 °C. The Ar flow rate
was 10-15 ml min ', The characterisation was performed
using: (1) SEM with a JSM-7500F at 5-20 kV. (2) TEM with a 200
kV American FEI Tecnai G2F20. (3) XRD with a Empyrean
Panalytical (S/N: DY1588, Cu K-a source with lambda = 0.154
nm), with 0.013° per step and 30 s as time per step. (4) A Squid
Quantum Design was used for the magnetic characterization.

Conclusions

Here we have synthesised Fe;C-filled CNTs using a standard
CVD approach. The magnetic behaviour and morphology, size
and structure are measured for the Fe;C particles formed.
Interestingly an anomalous coercivity, higher than any previ-
ously reported for this material, of 3440 Oe is observed. It is
shown that the diameter and shape anisotropy alone are not
sufficient to explain such a high value and further explanation is
required. The grain size and particle size were determined and
compared to the calculated single domain critical radius.
Considering this and the behaviour of the squareness factor,
magnetisation and coercivity with temperature it is concluded
that the anomalous values can quite possibly originate from
single domain and even superparamagnetic behaviour. Given
the high coercivity and alignment of the CNTs, these results are
extremely promising for future applications in data storage.
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