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Abstract — We present results on low-temperature magnetization approaching the saturation
law in aligned bundles of CNTs with ferromagnetic nanoparticles embedded inside inner channels
of nanotubes for two directions of the magnetic field; parallel and perpendicular to the CNT
axes. Elaborating experimental data, we were able to extract the explicit form of the correlation
functions describing the orientation of the magnetic anisotropy axes in real space. In the parallel
field the long-range coherence in the magnetic anisotropy axes is the characteristic feature. In
the perpendicular direction the peculiar feature is the 2D exchange coupling. The nature of the
exchange interaction and the role of the CN'T medium in it is also discussed.

Copyright © EPLA, 2017

Introduction. — A lot of research activity is devoted
to the magnetic properties of ferromagnetic nanoparticles
distributed inside a matrix material (magnetic nanocom-
posites). Increased coercivity, saturation magnetization
M, and magnetic anisotropy have been already reported
for different kinds of magnetic nanocomposites [1-3].
In addition, cooperative effects between ferromagnetic
nanoparticles (NPs) and matrix material could be of
particular interest both from the fundamental and the
practical point of view. Such kind of interaction is de-
termined by many factors, like arrangement of NPs in the
matrix, electrophysical and magnetic properties of the ma-
trix material, as well as NP /matrix interfaces. These fac-
tors, in turn, depend on the technological method which
is applied for the NPs embedding into the matrix. Dif-
ferent methods are currently used to fabricate matrix
dispersed NPs. Among others it is worth mentioning
co-precipitation, thermal decomposition, emulsion meth-
ods [4], co-evaporation [5], electrochemical processes [6]
and chemical vapor deposition (CVD) [7]. The material
of the matrix could also vary in a wide range, covering

polymers [5], silica [4], porous silicon (8], carbon nanotubes
(CNT) [6,9], etc.

From the viewpoint of cooperative effects, CNT-based
magnetic nanocomposites are of special interest. Indeed,
such material presents a porous conducting discontinuous
medium. Ferromagnetic NPs can be localized inside or
outside of the nanotube inner channels. The aspect ratio
of inclusions can vary in a wide range, from 1 to approxi-
mately 100, indicating formation of objects with variable
morphology, from nanoparticles to nanowires. The role
of the CNT in the interparticle interaction is of great im-
portance. In spite of porosity, the CNT matrix usually
is a well-conducting object. Therefore, this conducting
medium can provide indirect exchange coupling (IEC) be-
tween ferromagnetic nanoparticles [10,11] with long-range
character [12,13]. Moreover, defective carbon allotropies,
including graphene, which forms the CNT walls, are fer-
romagnetic materials even at room temperature [14-16].
Finally, properties of the ensemble of ferromagnetic NPs
embedded in the CNT medium are well explained within
the random anisotropy model (RAM) [17-19]. All this
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is reflected in the particular interparticle interaction, cre-
ating peculiarities in the interplay between the exchange
coupling and magnetic anisotropy [19,20], neglecting the
magnetic dipole interaction, which is characteristic of a
random anisotropy ferromagnet [21].

Usually the exchange coupling between crystalline NPs
can be considered when the inequality R. < Ry is fulfilled.
Here R, is the average radius of the NP and Ry is the ex-
change correlation length. The peculiarity of the exchange
correlations depends on the dimensionality of the NP ar-
rangement d. In particular, for H < H,, (H., being the
exchange field) phenomenological law of the approach to
saturation (LAS) can be estimated as

SM  M(H) — M,

/\JH_a
M,

M ’

(1)

where the exponent « is determined by the dimensionality
d, « = 43¢ [17]. For example, for the three-dimensional
(3D) case o = 1/2, while for the two-dimensional (2D) in-
teraction w = 1. When a = 2, it means that the magnetic
anisotropy dominates. Usually this occurs at H > H.,.
From eq. (1) it follows that the analysis of the magne-
tization curve M (H) in the region where M approaches
saturation could give, in a relatively simple way, useful
information about the dimensionality of the NPs interac-
tion which, in turn, could be related to their arrangement.
Indeed, many experimental works have been dedicated to
such kind of study. In particular, 3D dimensionality was
unambiguously established in different amorphous com-
pounds [22] and nanostructured Fe and Ni materials [23].
2D dimensionality is a characteristic feature of thin films
with thickness dy < Ry [24] and of nanocrystalline thick
materials (dy > Ry), but with anisotropie ferromagnetic

correlation lengths, lel > Rf; [25]. Finally, a 1D system of
exchange-coupled ferromagnetic NPs was reported for Fe
nanowires embedded inside inner channels of CNTs [26].
In all these studies authors usually demonstrated, as the
evidence of particular dimensionality, the §M /Mg vs. H ™
plot only for a single exponent a. The obtained agreement
between the experimental data and eq. (1) with a single
exponent a was used as the main argument, supporting a
particular dimensionality.

Recently, it has been demonstrated that, at least for
CNT-based magnetic nanocomposite, such approach does
not provide an unambiguous answer about the real dimen-
sionality [27]. Data were related to the parallel magnetic
field with respect to the CNT axes. It was found that all
possible exponents of eq. (1) may explain the experimental
data up to a certain extent. The only thing that changes
for different exponents, is the range of the magnetic field
in which the law (1) is carried out.

Generally speaking, the magnetic-field range considered
in ref. [27] is of the order of the exchange field, H ~ H,,.
It means that eq. (1) is no longer valid and a more gen-
eral approach should be considered, in which the magnetic
ordering is described by the correlation function of the

magnetic anisotropy axes in real space, C(r) [28]. This
approach allows to obtain important information about
the mechanism of magnetic interaction between NPs inter-
calated inside CNT: interplay between exchange coupling
and magnetic anisotropy, role of the coherent anisotropy
(CA) and its relation with the random anisotropy, and,
finally, indication of the impact of the CNT medium on
the interparticle interaction [27]. The expression for LAS
in this case depends on the dimensionality of the system.
For 2D the magnetization approaches saturation as [17]
oM 1

H N2 /g2
v - () (7)

X /0 T PO Ky lx ( ;;)UT @)

where H, is the random anisotropy field, the coordinate
x is normalized to'the R, value, the length over which
the magnetic anisotropy axes are correlated and K is the
modified Hankel function.

For other dimensionalities, the general expression for
LAS is [29]

oM 1 (H.\°[(Hea\"?

My 30 (HI) ( H )
oo 7\ 12

></ d3zC(z)2? exp [—x( ) 1 (3)
0 Hem

The analysis of the experimental data at H ~ H., ac-
cording to egs. (2) and (3) can provide an explicit form of
C(z). Even the information about the orientational order
could be extracted from C(z) [30].

In this work, developing the approach proposed in
ref. [27], we continued the study of the magnetization ap-
proaching saturation for CNT-based composite with low
content of ferromagnetic NPs at two orientations of the
magnetic field, parallel and perpendicular to the CNT
axes. All analyzed data are for low temperature, T' = 2 K.
We demonstrate that both the CA and IEC via the CNT
conducting medium could really contribute to the inter-
particle interaction in the parallel field. The contribution
of the coherent magnetic anisotropy becomes negligibly
small in the perpendicular field, at which the exchange
coupling dominates. We demonstrate that the range of
the IEC in our samples could propagate up to hundreds
of nanometers due to the spin-orbit interaction.

Experimental. — Vertically aligned arrays with low
content of ferromagnetic NPs have been synthesized by
floating catalyst CVD at ambient pressure on Si/SiOg
substrates [19]. Dissolved in xylene ferrocene Fe(CsHs)o
was used as a source of catalytic particles. All tech-
nological parameters were kept constant except for the
concentration of ferrocene Cr in the ferrocene/xylene so-
lution. We synthesized samples with Cr = 0.5,0.6,0.7
and 0.8 wt.% (samples 05, 06, 07 and 08, respectively).
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Fig. 1: (Colour online) (a) TEM image of a single CNT which
was selected from the array synthesized with Cr = 0.5 wt.%.
(b) Historgam of the distance distribution between adjacent
NPs along one single nanotube. (c) TEM image of a CNT
bundle synthesized with Cr = 0.7 wt.%.

Low ferrocene content provided the localization of the
iron-based catalytic NPs mainly in the inner channels of
CNT [27,31]. On the other hand, low Cr values allow the
formation of defective nanotubes, which was ascertained
by Raman spectroscopy [32]. As a result, we synthesized
vertically aligned arrays of defective multiwall CN'Ts with
typical thickness of ~ 20 pm, average nanotube diameter
ont ~ 20-30nm and the number of walls in one tube not
exceeding 15. The diameter of embedded NPs was close
to the @ oy inner values [27]. Nanoparticles are formed
by cementite FesC and are single crystalline. Both these
facts were proved directly by the high-resolution TEM
(HRTEM) study [27,32]. SEM investigations have shown
that the average distance between the nanotubes is around
50nm. In addition, an array of manotubes has a clearly
defined axis oriented perpendicular to the plane of the sub-
strate, but the nanotube throughout its length can bend
and intersect with other CNTs, creating bundles, see fig. 1
of ref. [27]. . This leads to the formation of paths for cur-
rent and the whole medium is conductive. More details
about the CNT fabrication and characterization can be
found elsewhere [9,19,20,27].

A distinctive feature of the studied samples is not only
the location of the ferromagnetic NPs inside the nanotube
inner channel, but also a large interparticle distance within
a single nanotube. In fig. 1(a) we show the TEM image of
a single CNT which was selected from the array of nan-
otubes synthesized with Cr = 0.5wt.%. From fig. 1(a)
it is clearly seen that the nanotube is almost empty, the
embedded NPs are strongly distant from each other. In
fig. 1(b) we show the result of the systematic TEM study
of the distances between the adjacent NPs belonging to
one CNT. We plot a histogram of the distribution of
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Fig. 2: (Colour online) Measured (symbols) and calculated
(lines) M (H) dependences of two samples, 06 and 08. T'= 2 K.
(a) Parallel magnetic field; (b) perpendicular magnetic field.
Insets: correlation functions extracted from the fitting proce-
dure. For details of the calculations see the text.

distances between the adjacent nanoparticles. This result
shows that the most frequent distance between neighbor
nanoparticles is close to 100 nm.

Now we would like to comment the presence of free NPs
in fig. 1(a). We believe that the origin of particles outside
CNT is either an impurity or is associated with a partic-
ular process of preparing the sample for TEM. To carry
out this study, the grid has been prepared by a dry dis-
persion of CNT eon-a copper grid covered with a wholly
amorphous membrane. It means that we mechanically de-
stroy the oriented array of CNTs, put the obtained powder
on the grid and then we tried to find the appropriate un-
broken CNT, which was the subject of our study. During
this process, some particles belonging to a huge number of
destroyed CNTs may also be taken into the field of the mi-
croscope. In order to unambiguously assert the insertion
of NPs only into CNTs in fig. 1(c) we show the TEM im-
age of a CNT bundle of another sample, synthesized with
Cr = 0.7wt.%. It is clearly seen that for each of them at
least one NP is embedded inside and no NPs are observed
outside.

Magnetic measurements have been done at T = 2K by
using a commercial SQUID magnetometer with the ap-
plied field up to 80 kOe for both parallel and perpendicular
orientations with respect to the CNT axes. The experi-
mental data in the parallel field for sample 08 have been
partially reported in ref. [27].

Results and discussion. — In fig. 2 we show the
M (H) curves measured for samples 06 and 08 in parallel
(fig. 2(a)) and perpendicular (fig. 2(b)) fields. The analy-
sis of the experimental data according to eq. (1) revealed
that for parallel orientation the experimental data are bet-
ter explained by the exponent o = 2, in accordance with
the result of [27]. On the other hand, for the perpendicu-
lar field the result changes drastically. We did not observe
the noticeable linear part in the plot §M (H ~2). While the
contributions of the H~/2 (3D) and H~" (2D) terms were
significant. These results are presented in figs. 3(a)—(c), in
which we replot data of fig. 2(b) according to eq. (1) using
exponents a = 2, 1 and 1/2, respectively. In fig. 3(d) 6 M
vs. H~2 is plotted for the samples 06 and 08 in the parallel
magnetic field. Evidently, the law (1) with the exponent

27007-p3
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Fig. 3: (Colour online) Analysis of LAS according to eq. (1) for
samples 06 and 08. T = 2K. (a)—(c) Perpendicular magnetic
field; (d) parallel magnetic field.

a = 2 fits well the data. It should be noted that in the
parallel field at low T" data can be fitted also by exponents
a =1 and o = 1/2, as was demonstrated in [27]. The
top axis in each plot represents the absolute values of the
magnetic field. This result indicates that, while for parallel
orientation, as was already demonstrated previously, the
magnetic anisotropy is strong [19], in the perpendicular
field there is not any significant feature of the anisotropy,
thus the exchange interaction prevails.

To get deeper insight into the problem we applied the
approach based on the correlation function. For that we
start analyzing eqs. (2) and (3). As follows from eqgs. (2)
and (3), knowing the micromagnetic parameters H,., Hey,
My, R, and performing the inverse K-transform (Meijer
transform) for eq. (2) and the inverse Laplace transform
for eq. (3), it is possible to obtain the explicit form of the
correlation function C(r). In order to reduce the number
of fitting parameters, we directly measured the satura-
tion magnetization value M, and we assumed R, to be
equal to the radius of the nanoparticle [23]. In the arti-
cles [19,20,27] the estimations of the H., and H, values
for CNT nanocomposites studied in the present work have
also been performed. Usually these values are of the order
of a few kQOe. This fact simplifies the fitting procedure.
Also, based on the result of ref. [27] we introduced the CA
into the considerations. As was proposed in [33], when
the CA axis is aligned along the direction of the external
magnetic field, its contribution can be taken into account
substituting the external field H by H + H., (H., being
the CA field). Thus, we can rewrite eq. (2) in a form more
convenient for the experimental data elaboration,

B

P

H, 2 4n >
(H ) 321)—3/2/ dazC(z)2*?\/pr K, (pz)|

0

(4)

where p = (H/H.,)"/? and $ is a constant, which is de-
termined by the slope of the dependence (1).

The correlation function in the 2D case is ob-
tained applying the K-transform, Fhp(p) = fooo dzf(x)
VPTK1(pr) [34]. For other dimensionalities we tried to
fit the experimental data by applying eq. (3). For that
it is necessary to estimate the Laplace integral F5p(p) =
A [° dx exp(—px)2?C (x).

As a result of the fitting procedure, for the perpendic-
ular field in the 2D case the experimental data are well
fitted using the following correlation function:

1 1
x—Qm |:|:{E + (xQ Y a2)1/2:|

+ [x—(x2—a2)1/2rm], x>a

2m

CQD (:,C) =

(5)

with constants ¢ = 0.01 and m = 0.07.
In the 3D case the correlation function was obtained
in [27],

(6)

where J,, is the v-th order Bessel function of the first kind,
b and x( are constants.

In the case in which the contribution of the anisotropy
is significant, the correlation function is [27]

1
1+ exp (_f_;l/z) ’

where x5 is a coordinate at which the amplitude of the
correlation function reduces to 1/2.

The fitting procedure of the M (H) data in parallel and
perpendicular magnetic fields revealed that for the parallel
field the correlation function C,(x) explains better the ex-
perimental data, see lines in fig. 2(a). In addition, the term
of the CA is of great importance. Curves in fig. 2(a) are
plotted with the following parameters: H., = 4 kOe for
both samples, H, = 3.8(3.2) kOe and H., = 2.0(3.6) kOe
for sample 06 (08). Note, that, in agreement with the pre-
viously reported result [27], without H,, it was impossible
to fit the data. The correlation function of the sample 08
is plotted in the inset to fig. 2(a). Correlations propagate
up to 1,9 & 15, which corresponds to ry /3 ~ 150-200 nm.
These values are very close to the mean distance between
adjacent NPs embedded in one CNT, see fig. 1(b). Such
long-range correlations manifest the crucial role of the co-
herence anisotropy in the determination of the magnetic
properties of CNT-based nanocomposite in the parallel
field [19]. It should be underlined that the M(H) data
in the parallel field can also be fitted applying the cor-
relation function Csp(z) (not shown here), in accordance
with the fact that the exponent « of the phenomenologi-
cal LAS (1) can be equal to 1/2. The agreement in this
case between the experimental data and theory is not so
good as for C, (), but the term H., is still important. As
a matter of fact, without it, the data cannot be fitted at
all. Nevertheless, this fact underlines the extremely com-
plex nature of the interparticle interaction via the CNT

Cyp(x) = b1 /280/D-2 ], [21)1/2 (z + xo)l/ﬂ 7

Cu(x) =

(7)
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medium. The alignment of the CNTs also plays a crucial
role in the observed long-range correlations in the parallel
field. When the alignment is destroyed, i.e., the oriented
array of CNTs becomes a powder, the exponent « in LAS
(1) is no longer equal to 2, and becomes equal to 1/2 [20].

In the perpendicular field the result is different from
what was observed in parallel. The correlation function
Cop () describes the M(H) data better. This result is
shown in fig. 2(b) by the solid lines. The parameters of
the fit are H., = 4 kOe for both samples and H,. = 2.3 and
3.7 kOe for samples 06 and 08, respectively. We found no
necessity of taking into account the term of the CA during
the fitting procedure in the perpendicular field, i.e., H., =
0 for both samples. The obtained correlation function
Cyp () for sample 08 is shown in the inset to fig. 2(b). In
this case correlations propagate up to ry,, ~ 15-20nm,
i.e., the size of the ferromagnetic NP, as it should be in
the RAM [17].

The obtained strong dependence of the correlation or-
der of the magnetic anisotropy axes on the direction of the
applied magnetic field underlines the impact of the CNT
medium on the mechanism of the interparticle interaction.
In fact, as we already mentioned above, NPs are embedded
inside inner channels of CNTs. The presence of a preferred
direction in the orientation of the nanotubes leads to a
vertical arrangement of the nanoparticles. In this sense,
in the parallel field the arrangement of NPs is ordered.
They aligned along a unique axis which coincides with the
axis of CNT. As our results demonstrate, this axis also
coincides with the direction of the coherence anisotropy
of each NP. This leads to a macroscopically large correla-
tion order, hundreds of nanometers, which coincides with
the mean interparticle distance. For the perpendicular
orientation of the magnetic field the average projection
of the coherent anisotropy axes is negligibly small. There-
fore, the fitting procedure in this case was successful with-
out considering the H,, term. The obtained 2D character
of the interparticle interaction in the perpendicular direc-
tion also could be explained involving the CNT medium
and particular arrangement of NPs. Indeed, in the verti-
cal direction the mean distance between NPs is close to
100-150 nm, see fig. 1. On the other hand, as was es-
tablished previously [19,27], the average distance between
nanotubes does not exceed 50 nm. It means that in the
direction perpendicular to the CNT axes NPs are packed
more densely than in the parallel one. This could be the
reason for the 2D behavior in the perpendicular field.

The unclear question which still remains is the origin of
the exchange interaction between the NPs, distant from
each other over tens or even hundreds of nanometers. Ac-
tually, the usual random anisotropy model cannot answer
this question. We believe that, again the particular prop-
erties of the CNT medium are responsible for the origin
of the abnormal exchange interaction. The peculiarity of
the CNT-based nanocomposite is the conductivity of the
CNT matrix. Therefore, it is naturally to suppose that
the IEC via the conducting electrons is the origin of the

exchange interaction between distant NPs. In ref. [13] the
Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction in
single-walled semiconductor CNT with diameters of the
order of 1 nm was considered. It was demonstrated that,
due to the spin-orbit interaction (SOI) [35] the IEC along
the CNT axis could reach the value of 1 micrometer [13].
For such a large length of the IEC the constant of spin-
orbit splitting equal to 6 meV and the Fermi level shift
p~ 0.5eV arerequired [13,36]. This significant shift of the
Fermi level can be induced by any defects of the nanotubes
or their doping [37,38]. The large spin-orbit coupling was
experimentally detected in CNTs [39]. We believe, that
our defective conducting nanotubes could be a suitable
environment for the indirect exchange interaction.

Based on the model developed by Klinovaja and
Loss [13] we looked for the indications of the possibil-
ity of the long-range RKKY interaction in our samples.
A theoretical model is based on the consideration of the
properties of single-walled CNT (SWNT). The diameter of
SWNT does not exceed few nanometers. Strictly speak-
ing, our nanotubes do not fit the criterion of single-walled.
However, we can assume with a very effective probability
that the indirect exchange coupling occurs through one
shell that could be the internal shell. Therefore, we con-
sidered for simplicity that the ferromagnetic NP is in con-
tact only with the inner shell of CNT and the coupling
propagates along this one inner shell. The conductivity of
this shell in defective MWCNTSs, as was demonstrated ex-
perimentally, could be significant and comparable to the
conductivity of the outermost shell [40,41]. The diameter
of the inner shell determines the diameter of the NP and in
our calculations was selected as @y = 25 nm. The axis
z is oriented along the CNT axis. To analyze the decay
of the RKKY interaction in the presence of SOI the low-
frequency component of the oscillations of the normalized
spin susceptibility x along the CNT axis was examined,

(8)

where si(y) = foy st d¢— 2. The effective wave vectors k.
and k_ are defined within the model [13] and depend on
the diameter of the CNT, its chirality, parameters of the
SOI and . For certain combinations of these parameters
the exchange coupling is long-range and propagates over
hundreds of nanometers [13].

Following this scenario, we calculated the spin suscep-
tibility looking for a value of the shift of the Fermi level
1 due to SOI, which would lead to the decay length of
the order of hundreds of nanometers. It should be noted
that p was the only completely free adjustable parame-
ter. The obtained result is presented in fig. 4, in which
we plot the amplitude envelope of the spin susceptibility
oscillations along the z-axis for u = 25meV. Other pa-
rameters used in these calculations are as follows. Chiral
indices were chosen as (235,129). These values correspond
to the onr = 25nm. The angle of chirality in this
case is equal to 39.54° and the circumferential direction

X(2) = si(2ky |21)/2 £ si(2k-|2]),

27007-p5
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Fig. 4: (Colour online) Decay of the spin susceptibility am-
plitude oscillations along the CNT axis. Blue and red lines
correspond to the envelope of the spin susceptibility oscilla-
tions, whose period is of the order of 0.5 nm. For details of the
calculations see the text.

kg = 0.053nm~!. The constant of spin-orbit splitting
Ago following data of other authors, was chosen to be
equal to 6 meV [13,36]. Finally, the period of oscillations
of spin susceptibility for this set of parameters is of the
order of 0.5 nm, so they are not shown in fig. 4.

The obtained chiral indices emphasize the fact that the
curvature effects are rather negligible, as should be in a
purely theoretical case for a SWCNT of such large diame-
ter. It follows from the result of fig. 4 that for the consid-
ered parameters of the nanotube the IEC could propagate
on hundreds of nanometers. Even if this result can be
regarded only as an indication that the long-range inter-
action can really occur in our samples, it strongly supports
the idea that the IEC directly affects the coupling between
ferromagnetic NPs via the CNT medium as was clearly de-
rived from the elaboration of the M (H) data. To make
this statement more solid, it is necessary to carry out the
calculations for multi-walled CNT. In addition, the exter-
nal magnetic field strengthens the SOI and, consequently,
could intensify the exchange coupling at large distances.

In summary, the analysis of the LAS for the oriented
arrays of MWCNTs with ferromagnetic NPs embedded
inside carbon nanotubes has been performed. The mag-
netic field was applied both parallelly and perpendicularly
to the CNT axis. For the parallel orientation the magnetic
anisotropy is of great importance. It is caused by the ex-
istence of the coherence anisotropy. In the perpendicular
direction the exchange coupling dominates and the con-
tribution of the coherence anisotropy is negligibly small.
Moreover, the exchange interaction is of 2D type. Fit-
ting the M(H) data, we obtained the correlation func-
tion of the magnetic anisotropy axes in the 2D case. The
magnetic coupling between NPs distant from each other
for tens and hundreds of nanometers could occur via the
RKKY interaction. Calculations of the amplitude of spin
susceptibility and its decay along the CNT axis confirm
this hypothesis. The obtained results suggest that aligned
arrays of CN'Ts with embedded ferromagnetic NPs are po-
tentially useful for magnetoelectronics and spintronics.
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