STRUCTURAL AND MAGNETIC PROPERTIES
OF MULTIWALL CARBON NANOTUBE ARRAYS
WITH INCORPORATED IRON-PHASE NANOPARTICLES

A. Prudnikava, A. Danilyuk, K. Yanushkevich J. Fedotovd
|. KomissaroV, S Prischepd, F. Le Normand, F. Antonf
'Belarusian State University of Informatics and Redictronics Minsk Belarus
’SSPA "Material Science Center of NASBinsk Belarus
3NC PHEP Belarusian State Universitlinsk Belarus
“Laboratoire ICube — DESSBtrasbourgFrance

Abstract— We have performed an experimental study of thetire, composition and magnetic properties
of carbon nanotube (CNT) arrays at different catabpurce concentrations during their synthesizatitig
catalyst chemical vapor deposition was chosenHterdynthesis of CNT arrays as a low-cost, simpkk an
effective technique. Various concentrations ofdeene/xylene solution used as a feedstock for Cidwiip
allowed obtaining arrays of aligned multi-wall CNd@s Si/SiQ substrates with different percentage content,
shape and aspect ratio of catalyst inclusions beiogrporated in the channels and between the ssbéll
CNTs. In this way the nanoparticles are mostlyatad from interaction with each other, and protétem
oxidation in the air atmosphere. The structure @mtiposition of the obtained material was investédaty
scanning and transmission electron microscpies, dRamléssbauer spectroscopies, and X-ray diffraction
Magnetic properties of CNT arrays were studied QU8 magnetometer in parallel and perpendicular to
the substrate directions at various temperatur&8(@K). Our results show that magnetic propemieENT-
iron phases can be easily varied depending onlherinitially used catalyst source concentrationGiNTs
synthesis.

|. INTRODUCTION

The interest of reserchers to exploring carbon ndres (CNTs) properties haven't subsided
since their discovery. The range of their possibfglications is very broad, spreading from
nanoelectronics to civil engineering. Verticallygaled CNTs filled with magnetic nanopatrticles are
very promising as a building blocks for many naeogbnic devices, such as nanothermometers [1],
sensors for scanning force microscopy [2], ferronedig nanocontainers for biomedical
applications [3], high density magnetic storage imgd]. Among various technological methods,
floating catalyst chemical vapor deposition (CVI3) ane of the most promising, since it allows
creating CNT arrays over the large surface areasmtrollable manner, and introducing the magnetic
particles into CNT#n situ during their synthesis.

In this work we used three concentrations of feern@gxylene solutionCg = 0.5%, 1% and
10%, as a feedstock for CNT synthesis. The temperah the reaction zone during synthesis was
1150 K, and the growth duration was 30 s. As altethe vertically aligned CNT arrays of 50—
100um height were obtained. In Fig. 1 the scanning)(ardl transmission (c) electron microscopy
(SEM/TEM) images of CNT arrays synthesized on Bstiate aCr = 10% are shown. In TEM image
(Fig. 1c), the elongated catalyst nanoparticle he CNT channel is shown, and a smaller size
nanoparticle is indicated by an arrow.

In our earlier study by Mdssbauer spectroscopy #rdy diffraction revealed, that these
catalyst nanoparticles represens&@hase mostly [5].

Il. RESULTS

Magnetic properties of the samples were studiethbgsuring the zero filed cooled (ZFC) and
field cooled (FC) magnetizations at magnetic fie@fl H =75 Oe applied either parallel (/) or
perpendicular i) to the CNT axis, as a function of temperature.Flgs. 2a and b the ZFC-FC
magnetization curves for the samples synthesizeth W= 10% and Cc=0.5% are shown,
correspondingly. For both samples the ZFC-FC curegsal the typical features of an ensemble of
ferromagnetic particles with different interactifumces between them, which, in turn, depend orr thei
concentration [6].
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Figure 1 — SEM (a,b) and TEM (c) images of alig@dT arrays foiCr = 10%.

In Fig. 2a, it is clearly seen that the curves ardincide at the highest measured temperature
(300K for the parallel and 350K for the perpendiculorientation). Therefore, the blocking
temperatureTg) is above these values. The behavior of the ZQkector Cc=10% is identical for
both parallel and perpendicular field orientaticansgl its increase with temperature indicates ttongt
dipolar coupling between particles. The behavioth&f FC curve, on the contrary, depends on the
magnetic field orientation. For parallel orientatioa horizontal FC curve indicates strong
demagnetizing effect, while for the perpendiculaemtation FC curve decreases with temperature.
This behavior indicates strong coupling of nanapkas along the CNT axis (mainly situated inside
CNT) and less coupling between particles belongindifferent CNT. It is reasonable to associate the
observed effect with the influence of CNTs on thegmetic coupling in different directions.

In Fig. 2b, the behavior of ZFC and FC curves ienittal for both orientations which is
explained by much lower concentration of nanopkagitn theCr= 10% sample.
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Figure 2 — ZFC-FC curves as a function of tempeeaftor perpendicular (solid lines)
and parallel (dashed lines) orientation of the na#igrfield of 75 Oe: (alC-=10%; (b)C=0.5%.

Next, magnetic hysteresis loopsl(H), were measured using a Superconducting Quanturr
Interference Device (SQUID) magnetometer The magrietld was varied in the range8T...+8T
and was also applied both in parallel and perpertatido the CNT axis directions.

The M(H) curves recorded for th€: = 10% sample at 2land different orientatianof the
magnetic field, are presented in Fig. Bath curves are very similar to each other whatesponds to
the almost isotropic behavidn Fig. 3b the squarened¥ {/Msa) versusCe at different temperatures
andH. versusCe at 300K (in the inset) are plotted. Analysis ofgl data indicates that fGr =10%
the squareness at 300K becomes much lower thahd@r =1% sample, while at other temperatures
it almost does not change betwdan=1% and 10%; and faZr = 0.5% it is always the smallest. This
indicates that the sample synthesize@ &t 0.5% is more isotropic and consist of smalltecat non-
interacting nanoparticles, which is in agreementhwthe results of ZFC-FC. The decrease of
squareness as temperature goes down could be chystermal fluctuations. The coercive field
value extracted frorvi(H) curves measured at room temperature appearadrgase witlCr,
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Figure 3 — (aM(H) curves measured &2 K for CNT arrays obtained &=10%.
Magnetic field was applied in parallel (filled sges) and perpendicular (hollow squares)
to CNT axis. (b) Squareness G at different temperatures. Inset: Coercivity@satT = 300K.
Data refer to the perpendicular magnetic field.

[Il. CONCLUSIONS

In conclusion, the magnetic properties of CNT arwagh the iron phases nanoparticles
obtained by the floating catalyst CVD have beerdisti The main ferromagnetic phases were
determined (F4C). The overall content of magnetic phase, as a&lthe particle size can be easily
controlled by changin@r during synthesis. All the hysteresis loops measwedlifferent samples
were symmetric. Both the squareness and coeraepgendences on tiig indicates the smallest inter
particle interactions for th€r = 0.5% sample with the lowest nanoparticles cdrdaed diameters.
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