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Abstract—We report on the magnetic properties of an array of binary metal CoFe, CoNi, and CoPt nanoparticles (NPs)
embedded inside vertically oriented carbon nanotubes (CNTs). Samples were synthesized by chemicalvapor deposition
activated by current discharge plasma and hot filaments. Assemblies of Co-based catalytic NPs were prepared on Si(Bi
substrates by sputtering ultrathin films followed by reduction in an H,/NH; mixture. As a result of the CNT growth, each
CNT contained only one ferromagnetic NP located at the top. For all samples, the easy axis of magnetization was along
the CNT axis. The magnetic parameters, including effective anisotropy constant and the contributions of dipole interactions
and shape, magnetocrystalline, and magnetoelastic anisotropies, were estimated based on the experimentaldata and a
random-anisotropy model. The magnetoelastic contribution was decisive. From the magnetoelasticity, the stresses in the
NPs embedded in the CNTs were determined. Finally, the magnetization distribution in CoFe, CoNi, and CoPt NPs was

simulated considering the magnetoelastic contribution.

Keywords : Nanomagnetics, ferromagnetic binary metal nanoparticles, magnetoelastic anisotropy.

I. INTRODUCTION

Magnetic nanoparticles (NPs) have attracted tremendous interest in
various fields due to their unique properties and promising applications
[Srikanth 2019]. Employing NPs for magnetic data storage could lead
to significant advancement in storage density and higher total capac-
ity. Single-domain NPs are characterized by single magnetic moment
with a direction adjusted by local anisotropy. The stability of the mag-
netization with time depends on the relation between thermal energy
and total anisotropy energy of the NP, K.V, where K. is the total
effective anisotropy energy density and V is the volume of NP. With a
noticeable decrease in V, the contribution of k& to this product should
increase in order to maintain thermal stability. The K. is generally
the superposition of magnetocrystalline (Kyvc), shape (K ), and mag-
netoelastic (Ky) energies. If Ky does not exceed 10*~10° J/m? for
3d metals (Fe, Ni, Co), the K, which is proportional to the square of
the saturation magnetization M2, could reach values of 10° J/m?. Fi-
nally, in nanostructured materials plastic deformations are constrained
by surfaces and interfaces. As a result, these materials may have sig-
nificant elastic stresses. The contribution of Ky becomes decisive if
elastic stresses of the order of 1-10 GPa are reached.

To form a densely packed array of ~ ferromagnetic NPs, prevent
their agglomeration, and achieve long-time protection against exter-
nal environment, one of the best ways is to embed them into the car-
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bon nanotubes (CNTs) [Grobert 1999, Leonhardt 2003, Baaziz 2012,
Ghunaim 20184]. Selective introducing into the inner channel of mul-
tiwalled CNTs could give rise to a new family of hybrid materials with
novel functionality, which can find applications in magnetoelectronics.
Generally, CNTs are synthesized by different methods [Purohit 2014].
The common characteristic of all techniques is to provide energy to

a carbon source for the creation of carbon atoms that generate CNTs.
Chemical vapor deposition (CVD), which involves carbon decompo-
sition of organic precursors over 3d catalytic metals, is one of the
best techniques to synthesize CNTs and to fill them by ferromagnetic
NPs. In this method, the decomposition of the carbon precursor and
CNT formation take place on the surface of catalyst particles. CNTs
can be produced at relatively low temperatures, and their size can be
controlled by varying the size of catalyst particles. Many efforts have
been performed by different groups to improve the reliability and
reproducibility of CVD for optimum CNT growth [Jourdain 2013,
Allaedini 2016]. For magnetoelectronics, it is important that this
method allows synthesizing the vertically aligned macroscopically
large areas of CNTs.

One of the routes to achieve an increased magnetic anisotropy in
NPs is the synthesis of binary alloys rather than unary metal NPs. Mul-
ticomponent ferromagnetic NPs is an active field of research where
alloying, crystalline structure, and stresses can vastly alter their mag-
netic properties [Rohart 2006, Seo 2006, Marusak 2017]. Successful
experiments on the CNT filling by alloyed FeNi  [Lv 2008], FeCo
[Lv 2008, Ghunaim 2018b], FePd [Boi 2015], and FeGa [Ghunaim
2018a] NPs are known. FePt was introduced into fullerene-like carbon
nano-onions [Boi 2017]. In all these experiments, the number of NPs
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Fig. 1. XPS spectra of CoFe samples (a) before, (b) after the reduction,
and (c) after the CNT growth.

in one CNT was usually much more than one. Recently, it has been
demonstrated that it is possible to embed only one Co NP in each CNT
belonging to the array of closely packed vertically aligned nanotubes
[Prischepa 2019]. Such samples synthesized by CVD activated by
current discharge plasma and hot filaments have perpendicular mag-
netic anisotropy due to combination of hcp crystalline lattice and large
elastic stresses caused by peculiar CNT growth and NP‘s morphology
[Prischepa 2019]. In this letter, we continue to develop this approach
(to fill each CNT with only one NP) and use Co binary alloys (CoFe,
CoNi, CoPt) as catalytic NPs for CNT growth. The choice of these
binary compounds is due to the following reasons. First, they are ap-
plicable as a catalyst for CNT growth. Binary metal NPs are more
reliable catalysts than unary for the CNT growth because two met-

als can enhance certain functions by playing complementary catalytic
roles [Allaedini 2016]. Second, each of this binary metal is a ferromag-
net with its characteristic features of magnetic properties. CoFe alloys
have the highest saturation magnetization (M s—240 emt g) among
this class of materials, which is important for magnetic data storage
application and magnetic resonance imaging[Bader 2006, Seo 2004 .
However, this alloy is chemically unstable, which makes the synthe-
sis of robust CoFe NPs extremely challenging. CoNi, vice versa, is a
very chemically stable alloy [Marusak 2017] and could possess a high
magnetocrystalline anisotropy. Therefore, it is considered as a promis-
ing candidate for the next generation of magnetic storage media and
high-performance permanent magnets [Zeng 2002]. Finally, CoPt NPs
have attracted recently considerable attention due to high coercivity,
saturation magnetization, and magnetocrystalline anisotropy [Rohart
2006].

II. SAMPLES

Samples were fabricated on Si(100)/SiO ,(8 nm) substrates. First,
Co and either Fe, Ni, or Pt were cosputtered in Ar atmosphere with
the deposition rates of 0.06, 0.04, 0.05, and 0.04 nm/s, respectively.
The nominal thickness was 9 nm for Co and 4 nm for other met-
973 K in a flux of
H,:NH; = 1:4. The obtained array of metallic NPs was afterward

als. The obtained films were reduced to NPs at

used for the CNT growth. It was possible to analyze samples by
X-ray photoelectron spectroscopy (XPS) at each step of the fabrica-
tion process without exposure to air [Le Normand 2007, Danilyuk
2018]. In Fig. 1, we present the XPS survey spectra of a CoFe sample
before [see Fig. 1(a)], after the reduction [see Fig. 1(b)] and after the

Fig. 2. (Left) SEM and (right) TEM images of CNTs grown on CoPt.

CNT growth [see Fig. 1(c)]. The appearance of Si2p, Si2s, and Ols
lines after the reduction is caused by the presence of these materials in
the surface substrate while they were entirely covered by the metallic
films initially. This confirms the formation of noncontinuous metallic
NPs. After the NPs formation, the sample was in situ subjected to the
CNT growth. For that, we inject into the reactor the mixture of H ,
(80%) and G,H, (20%) at P= 15 mbar activated by current discharge
plasma and hot filament. More details about this technique can be
found in Cojocaru [2006] and Danilyuk [2018]. In the XPS survey
spectrum after the CNT growth, a noticeable peak C1s of carbon ap-
pears. The presence of both Si and SiQ peaks indicate the absence of
continuous carbon film on the substrate. From the result of Fig. 1(c),
it is possible to quantitatively analyze the relation between Co and Fe
by means of intensity ratio of Co 2py/, and Fe 2py/, lines (not shown
here) employing the standard software CasaXPS. We got an atomic
ratio Fe/Co = 0.54 with Fe and Co both at the Fe0O and Co0 states,
mainly. Similar studies have been conducted for CNT grown on CoNi
(Ni 2ps/,) and CoPt (Pt 4f7/,). The obtained atomic ratios are then
Ni/Co = 0.05 and Pt/Co = 0.05. The spreading in the alloying of
these transition metals with Co obtained by XPS must be interpreted
with caution; however, as the sensitivity of the XPS measurements is
around 5 nm and the CNT thickness strongly depends on the alloy
used but can be much thicker than 5 nm (see Fig. 2). Other parameters
can explain these results as the catalytic affinity of these metals to C,
which is higher for Co or Fe than for Ni or Pt. This is consistent with
the highest catalytic activity of them with respect to the growth of
carbon nanotubes [Allaedini 2016].

After analyzing the chemical composition, we performed electron
microscopy study to determine the orientation and the regularity of
the CNT arrays. In Fig. 2, we show the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images of CNTs
on CoPt NPs. It follows that CNTs are vertically oriented and catalytic
NP is located at the top of each CNT. It should be emphasized that the
major part of catalytic NPs is anisotropic, as it shown in Fig. 2 with
the long axis parallel to the nanotube axis. Some of the NPs present a
nailheadlike morphology. This form is shown in the TEM image (see
Fig. 2, right-hand side). The diameter of the NPs is determined by the
diameter of the inner CNT channel and was equal to approximately
20 nm with a length of  about 100 nm. Estimated from the SEM
images density of CNTs was equal to (2.5-3.5) x 10'° ¢cm2, and
their height was about 400 nm. There is a certain variation in the
height of nanotubes, which seems to be associated with both different
sizes of NPs and variations in their chemical composition. The crystal
structure of the deposited Co NPs was tested by selective area electron
diffraction (SAED) [Prischepa 2019]. Since it is quite difficult to
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Fig. 3. M(H) curves for the parallel (red) and perpendicular (black)
magnetic field orientations. T= 300 K. (a) Sample CNT grown on CoFe.
(b) Sample CNT grown on CoNi. (c) Sample CNT grown on CoPt.

make a single crystal structure by sputtering, it was logical to observe

a mixture of cubic and hexagonal Co lattices [Prischepa 2019]. Small
amounts of both Ni and Pt € 15%) do not change the crystal lattice of
Co [Handbook 1996], whereas 35% of Fe in CoFe leads to stabilization
of the fcc lattice and to the absence of the icp one [Skomski 1999].
Therefore, we suppose that in CoNi and CoPt NPs, we still have a
mixture of fcc and hcp lattices and in CoFe NPs only the fcc lattice is
present. More work is in progress to unravel this point.

The reproducibility of the elaborated method is assured both by the
plasma-enhanced CVD and accuracy in the metal deposition. Precise
control of the parameters of the plasma process and the thickness of
the deposited metal films leads to reproducibility in determining the
atomic ratio.

[ll. RESULTS AND DISCUSSION

As clearly demonstrated by Danilyuk [2018], by atomic-force mi-
croscopy (AFM), and magnetic-force microscopy (MFM), Co NPs
on the Si/Si0O, substrate are strongly coupled forming large magnetic
domains each of which contains about 100 NPs. MFM images of Co
NPs on the top of CNTs revealed a unique correlation between the
geometrical sizes of particles and the size of magnetic domains, each
NP corresponding to a single domain [Danilyuk 2018]. For Co-based
binary compounds, the result is similar. AFM-MFM images of the
same area of CNTs grown on Co-alloy NPs have identical topography
(not shown). Data were acquired on the samples with no magnetic
exposure.

In Fig. 3, we show the magnetic hysteresis loops of CNTs grown
on Co-based NPs measured at 300 K. Data are both for parallel and
perpendicular orientations of magnetic field. Orientation was deter-
mined relative to the substrate‘s surface. These measurements are in
good agreement with the MFM data. The preferential orientation of
the easy axis is along the CNT axis despite the very high density of
the NPs. This causes higher squareness Mg/ M for the perpendicular
field. The extracted from the M(H) curves parameters for binary metal
NPs together with the data for Co [Danilyuk 2018] are presented in
Table 1. It is seen that for CoPt, coercivity reaches the maximum

Table 1. Squareness and coercivity of different samples.

NP Mr/Ms Mr/Ms H: (kOe)  Hc (kOe)
perp par perp par
Co 0.38 0.18 0.77 0.30
CoFe 0.44 0.33 0.58 0.36
CoNi 0.52 0.30 0.43 0.25
CoPt 0.50 0.32 0.92 0.54
Table 2. Magnetic anisotropy contributions.
Parameter Co CoFe CoNi CoPt
Kefr, J/m?3 2.73%103 2.15%10° 2.24x103 2.99x10°
Kvc, J/m?  2.05x10° 0.45%10° 1.53x10° 3.9x10°
Kop, J/m? 1.09x10° 1.57x10° 1.09x10° 0.98x10°
Ks, J/m? -6.16x10°  -8.87x10°  -6.16x10°  -5.56x10°
Kue, J/m®  5.75x10° 9x103 5.78%x10° 3.67x10°

values. The squareness values increase for all  the binary Co-based
alloyed NPs with respect to pure Co, whereas the coercivity is greater
only with CoPt alloy NPs.

The tendency to perpendicular anisotropy is associated not  only
with the changed shape of NPs after the CNT growth, but also with
possible elastic stresses arising in NPs during the growth of CNTs on
them. The effective anisotropy constant K could be evaluated within
the random anisotropy model (RAM) [Loffler 1998] that can be suc-
cessfully applied for the analysis of magnetically functionalized CNTs
[Danilyuk 2015]. The obtained values are summarized in Table 2. On
the basis of the obtained K¢ values, and taking advantage of the fact
that for NPs on the substrate (before the CNT growth) magnetoelas-
ticity and shape anisotropy can be neglected, it is possible to evaluate
the contributions of all components (Kjc, K s, KyE, dipole interaction
Kpp) to the magnetic anisotropy. This approach is described in detail
by Danilyuk [2018]. Here, we should only emphasize that the K yc
value that was previously estimated for NPs on Si/SiQ substrate was
supposed to be the same for NPs after the CNT growth. The obtained
various anisotropy contributions are summarized in Table 2.

It follows that the main contribution to the anisotropy for CoFe,
CoPt, and CoN:i is due to shape and elastic stresses. In CoPt, magne-
tocrystalline anisotropy also is decisive. As we mentioned before, we
reasonably suppose that for CoNi and CoPt, two crystal lattices, fcc
and hcp, should be considered. The smallest K yic for CoFe reflects
the fact that for high iron concentration, CoFe lattice becomes fcc
[Skomski 1999]. It is worth underlining that varying the content of the
second metal in Co, it is possible to tune not only the Ky;c value, but
also the magnetoelasticity as the elastic stresses 0 in Co are affected
significantly by the type of the crystal lattice [Sander 1999]. For that
reason, we estimated the O values in our binary metal NPs. For fcc
lattice, the Ky is expressed as

K& ==~ (3/2)A0 (1

where A is the magnetostriction constant. For fcc Co, the value o [
7 GPa was obtained [Danilyuk 2018]. For fcc CoFe, this approach
leads to slightly greater stresses, 0 [ 8 GPa. For fcc, CoNi and CoPt
stresses are equal to 5 and 3.7 GPa, respectively.

For hcp lattice, the result depends on the orientation of the hexagonal
axis [0001] with respect to the CNT axis. If the hexagonal axis is



Fig. 4. Relaxed magnetization configuration of fcc CoFe at. (a) o=
5 GPa and hcp CoPt for parallel. (b) o= 10 GPa. (c) Perpendicular,
o= 5 GPa hexagonal axis orientation with respect to the CNT axis.
Red and blue colors correspond to the orientation of the magnetization
along and perpendicular to the nanocylinder, respectively.

parallel to the CNT, the Ky is [Lee 1990]
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where c;; are elastic stiffness constants, the indices i, j = 1,2, 3
number the axis of the hexagonal crystal (index 3 corresponds to the
axis [0001]), A, and Ay are magnetostriction constants, and €, is the
strain. For pure Co, the elastic stress is0 [ 3.4 GPa [Danilyuk 2018].
In CoNi and CoPt, the obtained stresses were estimated as 5 GPa. For
these calculations, we used parameters of icp Co.

For the hexagonal axis aligned along the radial CNT direction, the
exact expression for the K f;fg depends on the orientation of crystal
magnetization m [Sander 1999]

Ky? (m)=y B\& + ByEy + B3 (€, +¢€5) 3)

where parameter ¥ depends on the direction cosines of the magne-
tization with respect to the [0001] axis, and B; are magnetoelastic
coupling coefficients. The largest stresses occur when the hexagonal
axis is oriented along the magnetic field. For Co NPs in this cased [J
—11.3 GPa [Danilyuk 2018], whereas for CoNi and CoPt, we obtained
in this letter 0 U — 10 GPa. The minus sign indicates the compression
stress.

On the basis of the above-mentioned parameters, it is possible to
simulate the magnetic structure of the binary metal NPs inside CNTs.
For that, we applied the Nmag package based on Landau-Lifshitz—
Gilbert equation and finite-element methods [Danilyuk 2018]. The
discretization length was selected as 2 nm. The size of the NP was
assumed to be 100 nm in length and 20 nm in diameter, in accordance
with the experimental data. Axis z is oriented along the nanocylinder
axis. For the perpendicular orientation of the hexagon with respect to
the CNT axis, the x-axis coincides with the[0001] axis of the icp Co.

In Fig. 4(a), we show the relaxed magnetization configuration for
fecc CoFe NP in the presence of 0 = 5 GPa. One can see the essen-
tial nonhomogeneous magnetization. We should emphasize that in the
absence of stress, the magnetization is homogeneous and is oriented
along the CNT axis, like for pure Co [Danilyuk 2018]. The nonhomo-
geneous magnetization reduces the overall anisotropy of the sample
causing convergence tendency of the hysteresis loops measured for

different magnetic field orientations (see Fig. 3). The results for fcc
CoNi and CoPt are similar.

In Fig. 4(b), we show the magnetization of the 4cp CoPt NP for
the parallel orientation of the [0001] axis at 0 = 10 GPa. It follows
from this result that the magnetization at such high stress is uniform
in the central part of the NP. When the hexagonal axis is oriented
perpendicular to the CNT axis, the magnetization becomes essentially
nonhomogeneous even at lower 0. In Fig. 4(c), we present this result
of the simulations forg = 5 GPa. The results for ~cp CoNi are similar.

From the obtained relaxed magnetization configurations, we may
conclude that the perpendicular anisotropy in our samples is mostly
due to the hcp crystal lattice of Co, which is preserved for low con-
centrations of the second metal. When, like in the case of CoFe, the
lattice is fcc, the anisotropy reduces. For hcp lattice, the orientation
of the hexagonal lattice has the greatest impact on the anisotropy. For
the hexagonal axis oriented along the CNT one, the magnetization is
highly uniform, which should reflect in high perpendicular anisotropy.
The hexagonal axis oriented perpendicular to the CNT axis causes the
nonhomogeneous NP magnetization and, as a result, lower anisotropy.
The obtained results could pave a way for nanoengineering of densely
packed magnetically isolated NPs with high perpendicular anisotropy,
which is important for high-density recording.
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