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Abstract 

The parametrically controlled production of carbon nanotubes (CNTs) with predefined morphologies is a topical technological 

problem for modern nanoelectronics. The chemical vapor deposition (CVD) technique for single walled carbon nanotubes 

(SWCNTs) in the presence of various metal nanoparticle catalysts is generally used now. The application of a magnetically 

stimulated CVD process scheme and catalyst nanoparticles with a strong magnetism promises additional possibilities for the CVD 

process management and allows expecting a predictable growth of CNTs with set chiralities and diameters. The main attention is 

focused on the magnetically anisotropy Pt-Fe in L10 crystallographic phase nanoparticles effect research. The developed cluster 

approach based on the multiple scattering theory formalism, realistic analytical and coherent potentials, as well as effective medium 

approximation (EMA-CPA), can be effectively used for modeling of nanosized systems. It allows us to calculate the dispersion law 

E(k), electronic density of states, conductivity, etc. This theoretical approach is used for simulation of fundamental electromagnetic 

properties in Pt-Fe L10-CNT interconnects, which are responsible for developing CNTs morphologies. The developed model of 

‘effective bonds’ and the model of magnetic stimulation for growing CNTs morphologies generated on the Pt-Fe nanoparticle surface 

are applied for the evaluation of the expected  CNT chiralities distribution. The model and conditions controlled magnetically, which 

stimulate CNT growth in the CVD process, aimed at the predictable SWCNT diameter and chirality and based on Pt-Fe L10 catalyst 

are discussed. The possibilities of CNT forest growing on FePt nanoparticles for magnetic nanomemory are also evaluated. 

 
Keywords: chemical vapor deposition (CVD), CNTs CVD magnetically controlled growth, arc discharge technique  CNTs creation, Pt-Fe nanodrops 
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1 Introduction 

 
Carbon nanotubes (CNTs) of various chiralities open new 

wide possibilities for modern nanoelectronics as 

promising candidates for nanointerconnects in a high-

speed electronic nanosensoring and nanomemory devices 

[1-3]. 

We focus our current study on the implementation of 

advanced simulation models for a proper description of 

the fundamental electromagnetic properties (electrical 

resistance, capacitances and impedances) in contacts 

between carbon nanotubes of different morphologies and 

metallic substrates of different nature. We also present 

the model of magnetically stimulated CNT growth for a 

special case of Fe-Pt metallic nanoparticles, which have 

unique magnetic properties. We expect that in the 

presence of magnetic field, the CNTs growth will be 

more determined from the point of view of possible 

CNTs morphologies. Moreover, the creation of a CNT 

forest based on PtFe nanoparticles provides the 

possibilities to consider this kind of structure as the basic 

fragment of nanomemory devices, where information bits 

are located in nanoparticles and the CNT forest provides 

the necessary spin transport for reading and recording 

information.  

Thus, in our simulations, we expect to reproduce not 

only a CNT forest with the predefined morphology but 

also to develop a prototype of a nanomemory device. 

The adequate description of CNT chirality [2] is one 

of the key points for a proper simulation on electric 

properties of CNT-based nanoelectronic devices.  
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The electronic structure of CNT-Me interconnects can 

be evaluated through the electronic density of states 

(DOS) for a carbon-metal contact considered as a 

‘disordered alloy’, where clusters containing both C and 

Me atoms behave as scattering centres. The 

computational procedure developed for these calculations 

[2, 4] is based on the construction of cluster potentials 

and the evaluation of both scattering (S) and transfer (T) 

matrices.  

The cluster formalism was successfully applied, e.g., 

for metallic Cu [4], as well as for both elemental (Ge, Si, 

As, Se, Te) and binary (AsxSe1-x and SbxSe1-x) 

semiconductors [4, 5]. When using the coherent potential 

approach (CPA) as EMA approximation, the resistance of 

interconnect can be evaluated through the Kubo-

Greenwood formalism [6] and Ziman model [7]. 

The further development of the cluster approach 

allowed us to formulate the ‘effective bonds’ model and 

to carry out a cycle of simulations on electromagnetic 

properties in various CNTs- and graphene (GNRs - 

graphene nanoribbons) -based metal interconnects (Me = 

Fe, Cu, Ag, Pt, Au, Pd, Ni) [3, 8]. We consider that this 

model serves as a tool for understanding the process of 

CNT growth adequate to CVD process. 

 

2 Research motivation 

 

The main goal of the current research is to understand if 

there is a relationship between the use of magnetic 

catalysts and the CVD growth of CNTs, taking into 

account that most commonly used materials for the 

growth of CNTs are just Fe, Co and Ni nanoparticles. The 

nanoparticles of these catalysts are magnetically 

isotropic. The key question arises: What would happen if 

one used instead of Fe, Co, and Ni nanoparticles, 

magnetically anisotropic nanoparticles such as those in 

the alloy Fe-Pt? The anisotropy of Fe-Pt alloy is due to a 

spin-orbit coupling of Fe and Pt orbitals. This coupling 

takes place only if the alloy is formed of alternating 

planes of Fe and Pt. This particular structure is called 

L10. In this way, because of the different sizes of the 

atoms of Fe and Pt, the structure is crushed and attomi of 

Fe and Pt are close forming a centred tetragonal phase 

(fct). This rapprochement allows the coupling and then 

the magnetic anisotropy with the magnetization axis 

perpendicular to such planes. It is essential in this case to 

find conditions to control the growing CNT chirality. We 

also should take into account a possible substitutional 

disorder of FexPt1-x alloy, when the stoichiometry 

number ‘x’ becomes an additional parameter of CNT 

growth. No doubt, the diameter of the grown CNT is also 

an essential parameter, which is evidently pre-defined by 

the created nanoparticle diameter. But again, we should 

discuss some limitations in the creation of Fe-Pt 

nanoparticle sizes in connection with the Fe-Pt melting 

point. However, Fe-Pt nanoparticles demonstrate an 

extremely strong coercing field (about, for the phase fct 

in some special compositions and this promises definite 

hopes for the controlled CNT growth in the CVD process. 

We also consider the CVD process of CNT growth as a 

more predictable one from the point of view of the 

expected growing CNT parameters (diameter, chirality, 

morphology of SW or MW CNTs)). 

Our experience with the nanotubes synthesis by 

means of the arc discharge brought about large doubts in 

the possibilities of CNTs growth control. Two cathodes 

of pure graphite (99.7%) were taken φ = 6mm (cathode) 

and φ = 10mm (anode) in diameter. Carbon Black was 

added to iron – platinum powder, after which the mixture 

was introduced to complete the filling of the hole. At this 

point the whole mass was placed in the room. The 

synthesis was carried out according to the parameters 

presented here: Current 90 A, Voltage ~ 18 ÷ 20V DC, 

Vacuum ~ 2x10-4 mbar, Gas: He, Work Pressure 600 

mbar, arc duration ~ 15 min. 

 

   
a) b) c) 

FIGURE 1 
a) Cathode and anode aligned before the synthesis  

b) Synthesis, arc,  

c) arc with a glass front. Once you open the synthesis chamber it is possible to identify the growth of "filamentous" retiring from the anode 
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a) b) 

FIGURE 2 Two views of the anode with filaments after exiting out of the synthesis: a); b) 

 

Some filaments also exit from the outer wall of the cathode but in smaller quantities than found on the anode. The 

residue of the deposit formed on the upper part of the synthesis chamber was collected. It appeared to be quite little 

compared to other discharges with other catalyst. 

 

  
a) b) 

FIGURE 3 a) Photo of the cathode filaments exiting out after the synthesis, b) SEM photo of the cathode surface 
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a) b) 

  
c) d) 

FIGURE 4 Evolution view of filaments in the arc discharge process (Bellucci-Capobianchi): a),b),c),d) [60-63]. 

 

The figure 4 shows that filaments are of different 

nature - some formats are created from these spheres and 

others have very fine structures of a few nanometers, 

probably single-walled nanotubes, covered by these 

spheres, partly or totally. The question is: What 

percentage of nanoparticles was originally made or how 

much iron and platinum and how this underwent a 

change, during the arc discharge process? 

We also take into account the extremely marginal 

parameters of the Pt-Fe system: Pt has the melting point 

at T = 2041.4 K (1768.2° C) and the boiling point at T = 

4098 K (3825° C);  

There are four major crystal structure modifications 

for Fe: below 769° C (Curie temperature) it is α-Fe (α-

ferrite) with a body-centered cubic crystal structure and 

ferromagnetic properties. Ferrite above the critical 

temperature (769-917° C) is beta-ferrite (β-Fe) where it is 

paramagnetic rather than ferromagnetic and it is 

crystallographically identical to α-Fe. Within the interval 

of 917-1394°C it is γ-Fe (austenite) with acicular cubic 

crystal structure. At temperatures between 1394 °C and 

1538 °C, the body-centered cubic crystal structure is the 

more stable form of delta-ferrite (δ-Fe), the melting point 

1538°C (1811 K), and the boiling point at T = 3273 K 

(3000 ° C).  

Our earlier research proved that close to the arc the 

temperature ranges between 4000 – 6000 K and there is a 

subsequent rapid temperature gradient decrease with the 

distance from it. Filaments are found nearby the arc itself, 

more precisely, upstream of it. Taking into account the 

essentially non-steady character of the arc discharge 

process and very high working temperatures, the CNT 

growth control is practically impossible and CNT 

morphologies are non-predictable. 

 

3 CNTs growth in the chemical vapor deposition 

process based on metal nanoparticles  

 

3.1 CVD PROCESS ANALYSIS 

 

The Chemical Vapour Deposition (CVD) is a highly 

versatile approach to producing nanotubes and is, 

http://en.wikipedia.org/wiki/Kelvin
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perhaps, the most commonly published technique for 

nanotube growth often used to synthesize CNTs for 

commercial applications. The process involves 

decomposition of a carbonaceous precursor at high 

temperatures under oxygen-free conditions and reduced 

atmosphere to produce nanotubes.  

The carbonaceous precursor may be a carbon gas, 

methane or ethylene for instance, or it can be in the form 

of a volatile hydrocarbon solvent such as ethanol, which 

is generally fed into the reactor with some inert carrier 

gas. In the reaction chamber, the precursor is decomposed 

in the presence of a catalyst –usually a transition metal 

such as iron, cobalt or some similar combination of 

metals. The catalyst can be introduced in a number of 

different ways.  

The substrate needs to have catalyst nanoparticles 

providing the growth of CNTs where nanoparticles 

present the place from which nanotubes start growing. 

Nanoparticles can be composed of lots of different 

substances (usually, a metal like Fe, Co, Ni Co, Mo, Mn, 

Pd etc) [9]. 

The substrate is then heated to the temperature of 

about 700-800°C under H2. As the nanoparticles heat up, 

the hydrogen pulls oxygen out from the nanoparticles, 

leaving behind metallic nanoparticles. At the target 

temperature, a carbon-containing gas such as ethylene (or 

some others, e.g., alcohol vapor) is introduced.  At these 

temperatures, the gas partly decomposes, giving carbon-

containing fragments and other molecules. These 

fragments and molecules then work their way onto the 

catalyst nanoparticles, where they stick and then break 

down into carbon. The carbon dissolves with some 

probability into or on the nanoparticle. When a critical 

concentration of carbon is reached in the nanoparticle, the 

addition of just a little bit more carbon from the vapor 

causes carbon to precipitate as a crystal. 

When carbon crystallizes under the atmospheric 

pressure (like in CVD), it crystallizes into flat sheets of 

hexagonally-patterned carbon. However, because the 

nanoparticle is so small and has such a high curvature, 

when the carbon crystallizes out, it is constrained into a 

cylindrical shape in the form of a carbon nanotube.  

Additional carbon atoms on the nanoparticle provide 

further nanotube growth, which stops when the carbon-

containing gas is turned off if the substrates cool down, 

or for a number of other reasons that can influence the 

nanotube or catalyst nanoparticles. 

Tuning the appropriated parameters, it is possible to 

obtain a huge amount of CNTs in a cheap and quick way. 

In addition, it is the technique enabling the growth of 

CNTs with specific characteristics: particular diameter, 

length and orientation (alignment), and family (Multi or 

Single Wall). It has been well known for a long time that 

carbon nanotubes are synthesized by catalytic 

decomposition of hydrocarbon [10] in the reactor, where 

metal nanoparticles are presented as a catalyst on a 

substrate. Catalyst metals mostly used for these purposes 

are listed in the following Table 1 [11, 12]. 

 
TABLE 1 Most commonly used catalyst metals for the CVD method [11]. 

Catalyst Temperature, 0C Carbon source 

Metal Catalyst type Preparation method   

Fe Ultra fine particle Decomposition of metallocene 1060 Benzene 

 Silica support Pore impregnation 700 Acetylene 

 Zeolite or Clay support Ion exchange 700 Acetylene 

 Graphite support Impregnation 700 Acetylene 

 Ultra fine particle Decomposition metal of carbonyl 800 Acetylene 

 Silica support Sol-gel process 700 Acetylene 

Co Ultra fine particle Laser etching of Co thin film 1000 Triazine 

 Ultra fine particle Decomposition metal of carbonyl 800 Acetylene 

 Silica support Pore impregnation 700 Acetylene 

 Zeolite or Clay support Ion exchange 700 Acetylene 

 Graphite support Impregnation 700 Acetylene 

Ni Graphite support Impregnation 700 Acetylene 

 Ultra fine particle Decomposition of Ni(C8H12)2 800 Acetylene 

Mo Ultra fine particle Decomposition of Mo*1 800 Acetylene 

Mn Ultra fine particle Decomposition metal of carbonyl 800 Acetylene 

Pd Ultra fine particle Decomposition metal of carbonyl 800 Acetylene 
1Mo*=(NH4)25±5[Mo154(NO)14O420(OH)28(H2O)70] 350H2O. 

Hydrocarbon, such as methane, adsorbed on the 

catalytic particle surface, releases carbon during 

decomposition, which dissolves and diffuses into a metal 

particle. When a supersaturated state is reached, carbon 

precipitates in a crystalline tubular form. 

It is necessary to emphasize that it will be possible to 

grow CNTs using a gas, both as a catalyst and as 

hydrocarbon. If a stream of catalyst particles can be 

injected into the flowing feedstock, it is possible to 

produce nanotubes in the gas phase. This approach is 

amenable for scale-up to large-scale production. Sen et al. 

[13] first reported such a possibility when they used 

ferrocene or nickolecene as a source of the transition 

metal and benzene as a carbon source. This approach 

yielded MWNTs, whereas their later work [14] with gas-

phase pyrolysis of acetylene using a metallocene yielded 
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SWNTs with diameters around 1 nm [15]. CVD-

produced CNTs are curved and have high amount of 

defects, mainly after the purification in the acid bath; it is 

needed to remove metal nanoparticles inside of tubes. 

The main interests related to iron-containing 

nanoparticles are focused on their potential applications 

as high-quality magnetic materials. Thus, a new 

generation of iron–metal nanoparticles is studied to be 

used as a catalyst in growing CNTs, with a magnetic 

nanomaterial inside, making it possible to design a 

precise carbon nanomagnetic device for drug delivery 

diagnostics. 

For example, iron nanoparticles have been widely 

used as a catalyst for CVD synthesis of multiwalled 

carbon nanotubes, [16] while iron-molybdenum can act 

as a very efficient catalyst for the synthesis of either 

single-walled or multiwalled carbon nanotubes with the 

CVD method [17-22]. 

To prevent the magnetic behaviour of these iron – 

nano-compounds, it is necessary to grow carbon 

nanotubes of nanocompounds below the Curie 

temperature. Typically, the growth temperature is around 

600 – 700°C at the atmospheric pressure [23]. 

The potential applications of carbon nanotubes grown 

for semiconductor and sensor devices are presented for 

CMOS industrial applications [24]. The low-temperature 

growth of vertically aligned carbon nanotubes (CNTs) at 

high growth rates by a photo-thermal chemical vapour 

deposition (PTCVD) technique using a Ti/Fe bilayer film 

as a catalyst is presented in [25]. The bulk growth 

temperature of the substrate is as low as 370 °C and the 

growth rate is up to 1.3 μmmin−1, at least eight times 

faster than the values reported by traditional thermal 

CVD methods. 

It should be recognized that the mechanism of CNTs 

growth is not obvious enough. Technological growth 

characteristics may differ in detail, although the concept 

remains the same. The mechanism of carbon atoms 

deposition on metal catalyst nanoparticles with the 

subsequent nucleation of CNTs can be considered one of 

the most effective and practically important. Crystal (eg. 

Si) nanoparticles with a set diameter created on a 

substrate give a high probability of producing CNTs with 

the regulated diameter. However, the problem of 

controlling the chirality of CNTs remains a pressing one. 

Among more effective catalysts, it is possible to 

distinguish Pt, Pd, Cu, Ag, Au, Si, SiC, Ge, Al2O3 [26] in 

addition to the earlier investigated Mg, Ti, Cr, Mn, Fe, 

Co, Ni, Sn, Pb [27-29].  

 
TABLE 2 Comparison of catalysts for SWCNTs growth [27-29] 

Type State 
Size for SWCNT 

growth 

Catalysis for 

cracking 

Carbon 

solubility 

Growth temperature 

for ethanol (°C) 
Growth rate 

Fe, Co, Ni Liquid/ solid <10 nm Yes High 600-950 High 

Pt, Pd Liguid/ solid <5 nm No? High 850-950 High 

Au, Ag, Cu Liquid/ solid <5 nm No Low 850-950 High 

Ge Liquid/ solid <5 nm No Low? 850-950 Low? 

Si, SiC Solid <5 nm No No? 850-950 Low 

Al2O3 Solid <5 nm No No 850-950 Low 

 

3.2 ADVANTAGES OF CVD 

 

Compared to the discharge and laser-ablation methods, 

CVD is a simple and economic technique for 

synthesizing CNTs at low temperatures and ambient 

pressures. Arc- and laser-grown CNTs are superior to the 

CVD-grown ones. In yield and purity, CVD has 

advantages over the arc and laser methods. Considering 

CNTs in relation to structure or architecture control, CVD 

is the only answer. CVD is versatile in the sense that it 

offers harnessing plenty of hydrocarbons in any state 

(solid, liquid or gas), enables the use of various 

substrates, and allows CNT growth in a variety of forms, 

such as powder, thin or thick films, aligned or entangled, 

straight or coiled nanotubes, or a desired architecture of 

nanotubes on predefined sites of a patterned substrate. It 

also offers better control over the growth parameters 

zone, while carbon crystallization (being an endothermic 

process) absorbs some heat from the metal precipitation 

zone. This precise thermal gradient inside the metal 

particle keeps the process going on. This last advantage is 

the most essential one [26].Taking only two main CNT 

parameters, namely, CNT diameter and chirality, the 

problem cannot be solved well enough. There are two 

marginal cases of CVD growth.  

 Tip-growth model – the catalyst–substrate interaction 

is weak (metal has an acute contact angle with the 

substrate); hydrocarbon decomposes on the top 

surface of the metal; carbon diffuses down through 

the metal, and CNT precipitates out across the metal 

bottom, pushing the whole metal particle off the 

substrate; as long as the top of the metal is open for 

fresh hydrocarbon decomposition, CNT continues to 

grow longer and longer; the metal is fully covered 

with the excess carbon and its catalytic activity ceases 

and the CNT growth stops. 

 Base-growth model - the catalyst–substrate 

interaction is strong; initial hydrocarbon 

decomposition and carbon diffusion take place similar 

to that in the tip-growth case; the CNT precipitation 

fails to push the metal particle up, so the precipitation 

is compelled to emerge out of the metal apex; carbon 
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crystallizes out as a hemispherical dome, which then 

extends up in the form of seamless graphitic cylinder; 

subsequent hydrocarbon deposition takes place on the 

lower peripheral surface of the metal, and a dissolved 

carbon diffuses upward; CNT grows up on the 

catalyst nanoparticle base. 

 

3.3 CNT PRECURSORS 

 

Most commonly used CNT precursors are methane [30-

31], ethylene [14, 17] acetylene [32], benzene [13] xylene 

[33] and carbon monoxide [34]. 

SWCNTs were first produced from the 

disproportionation of carbon monoxide at 1200 °C, in the 

presence of molybdenum nanoparticles [35], and later 

they were produced from benzene [36] acetylene [14], 

ethylene [37], methane [38], cyclohexane [39], fullerene 

[40] by using various catalysts. 

It means that the working temperature and pressure of 

the CVD process can be changed in a wide range of ways 

and the kinetics of carbon atoms deposition can also be 

widely varied.  

In 2002, the low-temperature synthesis of high-purity 

SWCNTs from alcohol on Fe–Co-impregnated zeolite 

support was carried out [41] and since then, ethanol has 

become the most popular CNT precursor in the CVD 

method worldwide [42-44].  

A special interest in binary catalysts becomes 

principal now. The unique feature of ethanol is explained 

by the fact that ethanol-grown CNTs are almost free from 

amorphous carbon, owing to the etching effect of OH 

radical [45]. Later, vertically-aligned SWCNTs were also 

grown on Mo-Co-coated quartz and silicon substrates 

[46-47]. It has been shown that intermittent supply of 

acetylene in ethanol CVD significantly assists ethanol in 

preserving the catalyst activity, thus, enhancing the CNT 

growth rate [48]. 

Generally, low-temperature CVD (600-900
o
 C) yields 

MWCNTs, whereas high-temperature (900–1200 °C) 

reaction favours SWCNTs growth. It means that 

SWCNTs have a higher energy of formation (presumably 

owing to small diameters and the fact that high curvature 

bears high strain energy). Probably, this is the reason that 

MWCNTs are easier to grow than SWCNTs. 

Recent developments in the nanomaterials synthesis 

and characterization have enabled many new catalysts for 

the CNTs growth. Apart from popularly used transition 

metals (Fe, Co, Ni), a range of other metals (Cu, Pt, Pd, 

Mn, Mo, Cr, Sn, Au, Mg, Al) have also been successfully 

used for horizontally-aligned SWCNT growth on quartz 

substrates [49]. It has been also proposed that the active 

catalyst is Au–Si alloy with about 80 at% Au [50]. 

 

3.4 CNT GROWTH CONTROL 

 

It is a general experience that the catalyst-particle size 

dictates the tube diameter. The particle size dependence 

and a model for iron-catalysed growth of CNTs has been 

reported in [51]. Metal nanoparticles of the controlled 

size, pre-synthesized by other reliable techniques, can be 

used to grow CNTs of the controlled diameter [52]. 

 

3.4.1 Influence of a catalyst material and concentration 

 

The additional advantage of using the bimetallic catalyst 

is that CNTs can be grown at a much lower temperature - 

550°C. E.g., the melting point of the mixture of Fe and 

Co is lower than their individual melting points. 

Moreover, alloys are known to be better catalysts than 

pure metals. These trends suggest that tri-metallic 

catalysts should also give interesting results, though the 

interpretation of the results would be more complicated.  

 

3.4.2 Influence of temperature 

 

There are investigations of the temperature effect on 

camphor CVD in a wide range of temperatures 500-

1000°C [53]. It was noticed that camphor did not 

decompose below 500 °C. At 550 °C very short-length 

tubes emerged from the zeolite pores suggesting that the 

catalyst activity, and hence the CNT growth rate, was 

quite low at 550°C. However, the CNT growth abruptly 

increased at 600 °C, and a profound growth was observed 

all around the zeolite pores. At 650°C and above, the 

growth rate was so enormous that hardly a zeolite particle 

could be located amid nanotubes.  The CNT diameter is 

increased with the growth temperature increase. Very 

pure CNTs, almost free from metallic impurity, were 

produced up to 750°C. From 750°C onward, both the 

diameter and the diameter-distribution range increased 

drastically. It is supposed that at high temperature, the 

metal atoms agglomerate into bigger clusters leading to 

thick CNTs. At 850°C and above, SWCNTs began to 

take shape alongside with MWCNTs and the volume of 

SWCNTs increased with the increasing temperature. For 

instance, at 900 °C, samples of large bundles of SWNTs 

can be observed. The CVD temperature plays the central 

role in CNT growth. For a fixed metal concentration, the 

increasing CVD temperature enlarges the diameter 

distribution. It should also be noted that MWCNTs and 

SWCNTs can be selectively grown as a function of CVD 

temperature if the catalyst concentration is properly 

optimized [53, 54]. 

 

3.4.3 Influence of pressure 

 

For the controlled growth of CNTs by CVD, the vapor 

pressure of the hydrocarbon in the reaction zone is 

another very important parameter. For gaseous 

hydrocarbons, a desired vapor pressure in the CVD 

reactor can be maintained by a limited gas-flow rate and 

the controlled suction with a rotary pump [55]. In the case 

of a liquid hydrocarbon, its vapor pressure is controlled 

by its heating temperature before it enters the reactor 
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[56]. However, for a solid hydrocarbon such as camphor, 

it is quite problematic to control its vapor pressure. It 

becomes a function of three parameters: camphor mass, 

its vaporization temperature, and the flow rate of argon—

the carrier gas. By proper optimization of these three 

parameters, the influx of camphor vapor to the zeolite bed 

and its decomposition rate were balanced to a great 

extent, and a record growth of MWCNTs was achieved at 

atmospheric pressure by CVD [9]. Pure SWCNTs (free 

from MWCNTs) have been selectively obtained from 

camphor CVD at low pressures (10–40 torr) where the 

camphor vapor pressure is quite in tune with the low 

metal concentration [53]. It is important to note that the 

melting point of nanoparticles below 10 nm falls abruptly 

.E.g., a 5-nm Fe and Co particles can melt at about 850 

°C and 640 °C, respectively [9]. It leads to essential 

limitations in the CVD process of small diameter (< 5nm) 

CNTs growth.  

Schematic representation of the basic steps of 

SWCNT growth on a metal catalyst is usually simulated 

in three steps [58]: 

1) the diffusion of single C atoms on the surface of a 

catalyst; 

2) the formation of an sp
2
 graphene sheet floating on 

the catalyst surface with edge atoms covalently 

bonded to the metal;  

3) the root incorporation of diffusing single C atoms. 

It has been shown that carbon atoms diffuse only 

on the outer surface of the metal cluster. At first, a 

graphene cap is formed which floats over the 

metal, while the border atoms of the cap remain 

anchored to the metal. Subsequently, more C 

atoms join the border atoms pushing the cap up 

and, thus, constituting a cylindrical wall. 

 

4 Magnetically stimulated CNTs CVD growth on Fe-

Pt catalysts  

 

4.1 EFFECTIVE BONDS MODEL FOR CNT-Pt-Fe 

INTERCONNECTS ELECTROMAGNETIC 

PROPERTIES 

 

We have developed structural models for CNT-Me and 

GNR-Me junctions, based on their precise atomistic 

structures - clusters, which take into account the CNT 

chirality effect and its influence on the interconnect 

resistance for Me (= Fe, Ni, Cu, Ag, Pd, Pt, Au) as well 

as the pre-defined CNT (or GNR) geometry. These 

atomistic structures are in compliance with the proposed 

‘effective bonds’ model. The ‘effective bonds’ are 

responsible for mechanical, electronic, magnetic and 

electrical properties of interconnects. The common 

consideration of two marginal carbon structures (CNTs 

and GNRs) is induced by the similar technological 

problems in respect of these materials for the modern 

nanoelectronics. 

Our main interest in this particular case is focused 

entirely on CNT-Me interconnects, when the modelling 

of CNTs growth on metal surfaces is combined with the 

controlled electromagnetic properties in the interconnect 

area. To ensure a predictable interconnect morphology, 

the permanent magnetic field is used that accompanies 

the growth, and magnetic drops are used as growth 

catalysts that provide for the special composition of Fe-Pt 

with unique magnetic properties.  

The results of our simulations show that interconnects 

resistance and the number of effective bonds can be 

considered as indicators of chirality.  

Figures 5, 6, 7 and 8 demonstrate the numbers of 

effective bonds via CNT diameters, chirality angles, 

CNT-Me interconnects resistances and impedances.. 

It means that resistances and the number of effective 

bonds in the interconnect space are indicators of CNTs 

morphology.  

 

4.2 CNT-FexPt1-x INTERCONNECT FORMATION  

 

There is a relation between the use of magnetic catalysts 

and the CVD growth of CNTs determining the most 

commonly used materials for the CNT growth - Fe, Co 

and Ni. The nanoparticles of the latter catalysts are 

magnetically isotropic. Magnetism of the particles-

catalysts brings order into the process of CVD growth. 

Additional possibilities in controlling the process of CVD 

growth open up the ways to use magnetically anisotropic 

nanoparticles such as those in the alloys with a different 

substitutional disorder (e.g., FexPt1-x), to manage the 

CVD process with the formation of the predefined CNT 

chiralities. Besides, the stimulation of the process by 

means of the external magnetic field activates magnetic 

moments of the catalyst and the deposited carbon atoms. 

This also means that we can control the number of 

effective bonds inside interconnects. We pay a special 

attention to Pt and Fe substrates as possible elements for 

nanoelectronic and nanomagnetic devices considering 

interconnects fundamental properties and magnetically 

stimulated nanoprocesses on Fe-Pt L10 nanoparticles 

[59]. 
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a) b) 
FIGURE 5 Effective bonds number via CNT diameter: a) CNT-Pt; b) CNT-Fe. 
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a) b) 

FIGURE 6 Effective bonds number via CNT chirality for the diameter d=10 nm: a) CNT-Pt; b) CNT-Fe. 
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a) b) 

FIGURE 7 Interconnect conductance via CNT diameter: a) CNT-Pt; b) CNT-Fe. 
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FIGURE 8 Resistances of zig-zag SWCNT-Metal interconnects in 

comparison. 

FIGURE 9 Impedances of SWCNT-Fe and -Pt interconnects in comparison. 

 
It means that resistances and the number of effective 

bonds in the interconnect space are indicators of CNTs 

morphology.  

 

4.2 CNT-FexPt1-x INTERCONNECT FORMATION  

 

There is a relation between the use of magnetic catalysts 

and the CVD growth of CNTs determining the most 

commonly used materials for the CNT growth - Fe, Co 

and Ni. The nanoparticles of the latter catalysts are 

magnetically isotropic. Magnetism of the particles-

catalysts brings order into the process of CVD growth. 

Additional possibilities in controlling the process of CVD 

growth open up the ways to use magnetically anisotropic 

nanoparticles such as those in the alloys with a different 

substitutional disorder (e.g., FexPt1-x), to manage the 

CVD process with the formation of the predefined CNT 

chiralities. Besides, the stimulation of the process by 

means of the external magnetic field activates magnetic 

moments of the catalyst and the deposited carbon atoms. 

This also means that we can control the number of 

effective bonds inside interconnects. We pay a special 

attention to Pt and Fe substrates as possible elements for 

nanoelectronic and nanomagnetic devices considering 

interconnects fundamental properties and magnetically 

stimulated nanoprocesses on Fe-Pt L10 nanoparticles 

[59]. 

 

4.2.1 Magnetic properties of Fe-Pt alloys.  

 

The unique magnetic properties of Fe-Pt alloys - is an 

open field for research to correlate different CNT 

techniques in terms of the catalyst role in entirely 

different range of temperatures and pressures. Carbon 

nanotubes grow using bimetallic nanoparticles Fe-Pt as a 

catalyst [64-67]. Since the mid-1930s Fe-Pt alloys have 

been known to exhibit high coercivities due to high 

magnetocrystalline anisotropy of the L10 FePt phase but 

their high cost prevented these alloys from widespread 

applications in the past. In Fe-Pt alloys, both Fe and Pt 

atoms carry a magnetic moment:  The induced magnetic 

moment on the Pt sites and the enhanced magnetic 

moment on the Fe sites. A wide variety of the magnetic 

structure types in the Fe-Pt alloys is evidently the 

consequence of various atomic configurations around Fe 

atoms, which, in turn, has a considerable effect on the 

electronic structure of these alloys (see, Figure 10, and 

Table 3) 
 

TABLE 3 Specific magnetic structures of Pt-Fe systems 

Magnetic Structure Behaviour Curie Temperature 

L12 Fe3Pt Ferromagnetic 410K 

L10 FePt Ferromagnetic 750K 

L12 FePt3 Paramagnetic 273K 

 

To obtain the Fe-Pt alloy in L10 phase we use a new 

chemical synthesis strategy reported in details in our 

previous works [60-63]. By planetary ball milling of the 

nanocrystals of a particular precursor [Fe(H2O)6]PtCl6 

and NaCl were grounded and then annealing at 400 °C 

(300 °C less than typical used temperature) in reductive 

atmosphere, After washing we obtain FePt L10 NPs with 

selected size as function of fraction of [Fe(H2O)6]PtCl6 

and NaCl used. By varying the precursor ratio we are able 

to avoid the coalescence phenomena and obtain single 

crystal NPs with the size around 6 nm, not agglomerated. 
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FIGURE 10 Eutetic Phase Diagram of Fe-Pt alloy (http://www.himikatus.ru/art/phase-diagr1/Fe-Pt.php)  

 
4.2.2 Magnetically stimulated CNTs growth with the 

probabilistically pre-defined morphology 

 

The formation of the initial optimal perimeter for C-

Metal (Fe-Pt) bonds is a synergetic process with a 

minimal free energy (see Figure 11).  

 

FIGURE 11 A fragment of the CNT CVD process growth on nanoparticle surfaces 

 

The nanoparticle diameter determines with a certain error 

the diameter of a CNT. The number of effective bonds 

defines the morphology of the future CNT (See Fig.12, 

arm-chair, chiral, zig-zag CNTs,) in terms of chirality. 

Obviously, there is a considerable uncertainty in the 

morphology of the future CNTs, owing to sporadic 

thermal dynamics of the deposited carbon atoms. 

http://www.himikatus.ru/art/phase-
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B

 

a) b) c) 
FIGURE 12 Magnetically stimulated orientation of magnetic moments of atoms in model interconnects during the CNTs controlled growth with the 

expected chiralities under the directed mag B  : a) arm-chair CNT, netic field B with the orientation angle B , where B is the magnetic 

induction and the chirality angle is 
0 ; b) chiral CNT, 

 300  ; c) zig-zag CNT,
30  

 
According to our model, the process can be 

considerably streamlined using even minor diamagnetic 

properties of carbon atoms at the expense of magnetic 

field and strong induced ferromagnetism of the 

nanoparticle. It becomes evident that the nanoparticle 

composition Fe-Pt and its atomic structure (including the 

short-range order) play a primary role in the process of 

CNT growth stimulated by the magnetic field of CVD. 

Nucleation in the process of CNT growth in cases of 

the ordered Fe-Pt nanoparticles is more stable and has 

principal advantages in relation to the controlled CNTs 

growth compared with the cases of any kind of 

anisotropic Fe-Pt nanocatalysts [68]. 

The availability of substitutional disorder and 

anisotropy in Fe-Pt nanodrops used for CNT CVD 

controlled growth is a negative factor for the production 

of CNTs with predictable morphologies. There are some 

essential negative features of disorder in Fe-Pt nanodrops 

for the CVD process: 

1) C atoms chemical binding preferences (C-Fe 

bonds are stronger than C-Pt  ones),  

2) A higher structural anisotropy leads to higher 

relaxation times of a nanodrop structure [69] 

3) Disordering effects in Fe-Pt lead to sporadic 

magnetization phenomena  

Thus, it is important to control the process of 

formation of nanodrop structures corresponding to L10 

(Fe-Pt) and L12 (Fe3Pt) systems with reliable magnetism 

and adequate cooling rates, when relaxation processes in 

nanodrops are accomplished. 

 

 

4.2.3. Model of CVD CNT growth  

 

Magnetically stimulated CNT CVD model formulation 

looks as follows (see Figs.11, 12): 

 Effective bonds are responsible for the future 

chirality of CNT in the CVD processes. 

 The permanent magnetic field provides the 

alignment of CVD growth. 

 The binding with the Fe-Pt nanoparticle has a 

probabilistic character; the probability of binding of 

C atoms with Fe atoms is preferable as compared to 

Pt atoms. 

 The composition of Fe-Pt atoms in a nanoparticle 

and the atomic structure ordering are essential for 

chirality of the obtained CNTs.  

 The diameter of the future CNT is correlated with 

the nanoparticle size. 

 The direction of the magnetic field stabilizes the 

direction of CNT forest growth and is a tool of the 

growth control. 

 The ordering of a nanoparticle atomic structure, as 

well as a substitutional disorder or arbitrary disorder 

of a nanoparticle, is responsible for the magnetic 

state of the nanoparticle, which is essential for the 

possible future nanomemory devices. 

Even a very strong magnetic field is not able to 

suppress thermal fluctuations of magnetic moments in 

carbon atoms. It is a different thing, when carbon 

diamagnetic atoms appear on the surface of a catalyst in 

the ferromagnetic condition where magnetism induced by 

the external field can be very strong and is able to correct 
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the behaviour of carbon atoms by suppressing thermal 

fluctuations. 

At the same time, the growth control over chiral and 

non-chiral nanotubes essentially depends on 

stoichiometric composition of Pt-Fe nanoparticles. The 

beginning of the nucleation process with the growth of 

nanotubes might be connected with stochastic 

fluctuations of the magnetic moment in a carbon atom 

relative to the direction of the local magnetic field in a 

nanoparticle. Distribution of the fluctuation angle obeys 

the Gaussian law: 







 


2

2

2

)(
exp

2

1
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 Bf , where 

2  is the angular dispersion of thermal fluctuations of the 

magnetic moment angle of a carbon atom. To evaluate 

this dispersion, the potential energy change of the 

magnetic moment under the influence of the thermal 

energy should be evaluated:
CVDBTC TkB  )cos1(  , 

where C  is the induced magnetic moment of a carbon 

atom 
BC  25.1  (see evaluations in [65], 

TeVB /10788.5 5 , B is the magnetic induction of 

the catalyst surface, BT    TCVD - is the operating 

temperature of the CVD process, Bk =8,617 

3324(78)·10
−5

 eV/K- is the Boltzmann constant. Hence 

B

Tk

C

CVDBT






2
sin2 2 . Taking into consideration one of the 

main problems of the nanotubes growth control – the 

chirality control – it is necessary to seek for the small 

fluctuation angle  . Then 
B

Tk

C

CVDB

T



222  .  

The condition of the small fluctuation angle (e.g., 

< 10 ) at a certain temperature of the CVD process 

imposes limitations on the values of the demanded 

magnetic induction B. 

Taking into account the ratio between the chirality 

angle and the direction of the magnetic field B  , 

Figure 13 displays the predictable scattering of chiralities 

for nanotubes of approximately the same diameter. 

We are also able to evaluate the necessary value of the 

magnetic field B providing the expected chirality angles 

scattering, e.g. 2.0  (approximately 12 ) leads to the 

B evaluation for the CVD process temperature 

CTCVD

700 as 

4

22
10657895

167552


CC

CVDBTk
B


T. For small 

angle dispersions 
B

Tk

C

CVDB

T



222   the high local 

magnetic field on the nanoparticle surface is necessary. 

The result also strongly depends on the carbon atom 

magnetic moment C . 
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FIGURE 13 The predictable scattering of chiralities for nanotubes of 

approximately similar diameters 

 
Speaking about the possible errors in diameters of 

growing nanotubes, their evaluation from beneath is 

defined by the minimal variations in parameters of the 

chirality vector ),( mnc 


 n  and m , which are 

equal 1.  

Taking into consideration the formula for calculating 

the diameter of CNT: mnnm
a

d  223


, where α 

= 0,142 nm is the distance between the neighbouring 

carbon atoms in the graphite plane. 

The relationship between chirality indices (n and m) 

and the angle   is given by the ratio: 

mnnm

m




222

3
sin . 

Then the minimum relative error in the diameter of 

CNT is possible to define as: 

)(2

855
22

22

mnmn

mnnm

d

d
d







 . 

Particularly, in the case of arm-chair CNT 

(m=0)
n

d
2

5
 , in the case of zig-zag CNT (m=n) 

n
d

22

1
 . 

Thus, the errors in the diameter of growing CNTs are 

incorporated in discrete morphological properties. 

However, these minimum estimates are only reinforced, 

given the obvious errors in the size of catalyst 

nanoparticles are taken into consideration. 

The perfect picture of the magnetically stimulated 

CVD process for growing CNTs can be presented as a 

CNT forest (see Figure 14). Such a system of nanotubes 

can also be considered as a prototype of the magnetic 
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memory, where ferromagnetic nanoparticles serve as cells 

of the magnetic memory – that is, ferromagnetic contacts 

are controlled by spin pulses, the transport of which is 

provided by nanotubes. 

 
 

 
 

 

FIGURE 14 CNTs forest is grown on the Fe-Pt nanoparticles of the predefined radius as a fragment of magnetic nanomemory device, which can be 
realized if spin injection, spin transport and spin detection (spin recording) are provided 

 

5 Conclusions  

Electromagnetic properties of Pt- and Fe-CNT 

interconnects are considered from the point of view of 

mechanical stability and electrical efficiency. CNT-Fe 

interconnects are stronger mechanically. However, CNT-

Pt interconnects having smaller resistances are more 

suitable electrically and more effective for various 

electronic nanodevices. 

The use of Pt-Fe nanoclusters during the CVD 

magnetically stimulated growth allows controlling with 

some limitation the diameter and chirality of growing 

CNTs. The diameter of nanoclusters defines the diameter 

of CNTs, while the angles of chiralities are correlated 

with the orientation of external permanent magnetic field. 

Pt-Fe nanoclusters and CNTs composition is the 

prototype of the magnetic nanomemory devices. The 

magnetic efficiency depends on the stoichiometry 

coefficient ‘x’ and the ordering of Pt-Fe atomic structure.  

Chemically ordered Fe-Pt nanoparticles, where we 

meet the sequence of Pt and Fe layers, allows us to 

provide all possible predicted magnetic properties. In 

case of substitutional disorder, this advantage disappears 

and we should talk about the percolation phenomenon of 

FexPt1-x ferromagnetism via ‘x’ alteration. 

The CVD process of CNTs growth with the presence 

of Fe-Pt nanoparticles in the conditions of a strong 

magnetic field is a more orderly process.  

Statistical dispersion of CNTs output according to the 

diameter is determined by a discrete number of effective 

bonds (especially in the case of small diameters of 

growing CNTs). 

Here with, the dependence of the number of the 

effective bonds, formed on the nanoparticle perimeter, on 

the chirality angle is the essential tool for the morphology 

control of the future CNT.  

The balance factor of the thermal energy and 

magnetic energy in deposited nanoparticles of carbon 

atoms plays the decisive role in evaluating the dispersion 

of chirality angles in CNTs. 

The morphology of the forthcoming growing CNT 

stimulated by the magnetic field is set when forming the 

perimeter of the CNT base and the character of the 

magnetic orientation in effective bonds. 

We can consider CNT forest magnetically stimulated 

by the CVD process as a fragment of the magnetic 

nanomemory. CNT chirality in this case defines the 

efficiency of magnetic cells access (rates of exchange). 
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