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Carbon nanotube-assisted synthesis
of ferromagnetic Heusler nanoparticles
of Fe3Ga (Nano-Galfenol)†
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A new type of Heusler nanoparticles of the formula Fe3Ga has been prepared by facile synthesis

approaches using pre-fabricated multi-walled carbon nanotubes. The tubes act as a template and a

coating to protect the magnetic material from oxidation and agglomeration. For the purpose of

comparison, the Fe3Ga bulk material was also prepared by a novel method from the metal precursors.

The morphology, structural determinations and the magnetic properties of both types of materials are

presented. Compared to the bulk material, an enhancement in coercivity was observed for the

nanoparticles which make them excellent candidates for magnetic storage devices. Since bulk Galfenol

is a known magnetostrictive material, it is worth studying the effect of downsizing this material to the

nanoscale dimension on such properties.

1. Introduction

Heusler compounds, a particular type of intermetallic alloys,
which are ternary compounds that have the general formula
of X2YZ, where X and Y are transition metals and Z is a main
group element.1 These compounds were named after Fritz
Heusler who discovered ferromagnetic behavior in Cu2MnAl,
although none of the individual elements from which the
material is composed of are ferromagnets.2

Heusler compounds constitute a large family of highly
functional and versatile intermetallic materials. While many
of these compounds are studied in the form of single- or
polycrystalline bulk samples or thin films, not much is known
about their properties and functionalities when prepared in
the form of nanoparticles. However, for numerous potential
applications, e.g. in spintronics, the nanoscale dimension of
the material cannot be neglected.3

Galfenol, an alloy of iron substituted with non-magnetic
gallium, offers desirable properties such as tensile strength and
magnetostrictive strains on the order of 100 MPa and 100 �
10�6, respectively, which make them promising candidates for
a mechanically strong actuator and sensing materials used for
the design of shock-prone environmental transducers.4,5

However, the chemical, physical, magnetic, or optical pro-
perties of a given material are size-dependent;6,7 thus, it is worth
studying the effect of downsizing to the nanoscale dimension on,
e.g. the magnetic properties. Due to the finite size of the nano-
particles and the high surface-to-volume ratio, these particles are
highly subjected to oxidation and agglomeration.8,9 In addition,
size control is a challenge, particularly when particles are pre-
pared by harsh methods such as ball milling.10,11 Basit et al.
applied a wet chemistry method, in which Heusler nanoparticles
(of the type Co2FeGa) were precipitated on a porous silica matrix
where a poor size distribution was also observed.12 A very inter-
esting study has been carried out for the Co2FeGa Heusler
system,13 where the material has been synthesized in a
wet chemical way by the use of carbon nanotubes (CNTs) as
templates. For the Fe3Ga Heusler system (Galfenol), many
investigations exist for the bulk material, but to the best of
our knowledge, none for Fe3Ga nanoparticles.

In this work, we successfully synthesized Fe3Ga magnetic
nanoparticles (MNPs). Based on the studies of Gellesch et al.,
we used carbon nanotubes (CNTs) as templates, in which the
MNPs are encapsulated inside the inner hollow cavity of
the CNTs. These tubes provide a shell to protect MNPs from
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oxidation, prevent agglomeration, and are a beneficial tool to
control the size of the encapsulated MNPs, since the upper
limit of the encapsulated MNP diameter will be the diameter of
the inner cavity of the CNTs.

For the purpose of comparison, the bulk material was also
prepared. To this aim, nitrate salts as metal precursors were
mixed with the respective stoichiometry and reduced to
the corresponding metals similar to the nanomaterials. The
magnetic properties for the prepared Fe3Ga nanoparticles and
the bulk were compared with data published by Kawamiya et al.
in 1972.14

2. Experimental part
2.1. Preparation of nanoparticles inside CNTs

Multi-walled carbon nanotubes (MWCNTs) of the type PR-24-
XT-HHT (Pyrograf Products, Inc., Cedarville OH, USA) have
been used as templates or ‘nano-containers’ for the preparation
of intermetallic nanoparticles. This type of CNTs is distin-
guished by their high purity which results from the fact that
the as-produced carbon nanotubes are heat treated to 3000 1C
which reduces the iron content (i.e. the growth catalyst) to a
very low level (o100 ppm).15–17 The Fe3Ga@CNTs have been
prepared by the following two filling approaches.

The first approach is an extension of a reported solution
filling approach for CNTs18 in which 1 M standard aqueous
solutions of the following nitrates were prepared: Fe(NO3)3�9H2O
(grade: ACS 99.0–100.2%) and Ga(NO3)3�xH2O (grade: ACS 99.99%
metal basis) supplied by VWR Chemicals and Alfa Aesar GmbH &
Co KG (Karlsruhe, Germany). The nitrate salts were used as
provided and the water content of the gallium nitrate salt was
calculated to be x E 7 via thermogravimetric analysis (TGA). This
result is in a good agreement with literature reports.19,20 The
solutions were combined in a stoichiometric ratio with respect to
the metal ions (i.e. Fe : Ga = 3 : 1), and about 50 mg of MWCNTs
were added and the mixture was treated in an ultrasonication
bath for 1 h at room temperature. The mixture was then vacuum-
filtered and washed with about 20 ml of the washing agent of
acetone and distilled water at a volumetric ratio of 1 : 1. The solid
residue was then dried for 24 h at a temperature of 108 1C and
reduced under hydrogen and argon atmospheres (50 vol% Ar +
50 vol% H2) at a temperature of 500 1C for 4 h to convert all the
nitrates and oxides into the corresponding metallic state.
An additional heat treatment step was essential to obtain the
desired intermetallic phase, in which the reduced samples were
further annealed under a mixture of H2 and Ar gas streams
(95 vol% Ar + 5 vol% H2) at a temperature of 680 1C for 48 h.
This might be a very important step in order to ensure particle
growth and obtain a homogeneous composition and a well-
ordered crystalline structure of intermetallic MNPs.21

In an attempt to obtain a relatively higher degree of filling,
the second approach was followed, in which the nitrate pre-
cursors were directly mixed with the specific amount of CNTs in
a sealed round-bottom flask. A few drops of distilled water were
added to ensure good stirring. The flask with the mixture was

placed in an oil bath and heated to a temperature of around
T E 80 1C for 4 h. The mixture was then naturally cooled down
to room temperature and washed with about 20–30 ml of
the washing agent of acetone and distilled water at a volumetric
ratio of 1 : 1. The samples were then dried, reduced and
annealed in a manner similar to the solution filled samples.
This approach differs from that of the solution one, in the way
that the liquid medium of the filling material is provided with a
higher saturation (due to the absence of water solvent), which
increases the percentage of the material that fills the CNTs.

2.2. Preparation of the Fe3Ga bulk material

For the synthesis of the bulk material, we slightly modified the
second approach, in which the iron and gallium nitrates were
mixed at a 3 : 1 stoichiometry in a sealed round-bottom flask
placed in an oil bath and heated for 4 h at 80 1C. The mixture
was then dried for 24 h at 108 1C and reduced at a temperature
of 680 1C for 4 h under H2 and Ar atmospheres (50 vol% Ar +
50 vol% H2). Thereafter, the sample was annealed at the same
temperature for 40 h under a mixture of H2 and Ar gas streams
(95 vol% Ar + 5 vol% H2).

2.3. Characterization

All samples were routinely investigated by scanning electron
microscopy (SEM) with a Nova 200 NanoSEM (FEI) operated
at 15 kV and combined with an energy-dispersive X-ray (EDX)
analyzer (AMETEK). The SEM samples were prepared by placing
a thin film of the sample on a carbon tape. Transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM) measurements and nanobeam
electron diffraction were performed using a Tecnai F30 (FEI)
operated at 300 kV or a Tecnai G2 (FEI) operated at 200 kV. Both
are equipped with an EDX analyzer (AMETEK, Oxford). The
TEM samples were prepared by adding a few drops of the
sample suspension in acetone on a copper grid with a carbon
coating on one side.

Crystal structure identification for the bulk material and
magnetic nanoparticles inside CNTs was done using a STADI
P (STOE) X-ray diffractometer (XRD) with Mo Ka radiation
(l = 0.70930 Å) in transmission geometry at a scanning rate
of 0.011 s�1 in the 2y range from 101 to 801. An extra crystal
structure identification measurement for the nanoscale sample
was performed using an X0Pert Pro MPD PW3040/60 X-ray
diffractometer (XRD) (PANalytical) with Co Ka radiation
(l = 1.79278 Å) in reflection geometry at a scanning rate of
0.051 s�1 in the 2y range from 101 to 801.

Thermogravimetric measurements (TGA) were performed
using a SDT-Q600 (TA Instruments). A few milligrams of the
material (B5 mg) were heated to a temperature of 900 1C at a
heating rate of 5 K min�1 followed isothermally for 15 minutes
under an air atmosphere at a flow rate of 100 ml min�1.

The magnetic field dependence of magnetization at 5 K and
300 K in an external magnetic field of up to �5 T was measured
by using a superconducting quantum interference device
(MPMS-XL SQUID) magnetometer from Quantum Design
(San Diego, CA, USA). The samples were filled inside gelatin
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capsules, and the diamagnetic contribution of the sample holder
and the empty CNTs was subtracted.

3. Results and discussion
3.1. Morphology and structure

The morphology and geometry of the filling material and its
location inside CNTs were examined by SEM (Fig. 1).

Fig. 1a shows an overview image in back-scattered electron
(BSE) mode for the as-prepared sample from the first (i.e. solution)
filling approach. The filling particles are distributed along the
inner cavity of the hollow CNTs. For samples prepared by the
second filling approach (Fig. 1b), the same behavior is observed,
however with a seemingly higher degree of filling compared to
the solution approach. This can be seen from the pearl necklace-
like appearance of the filling inside the CNTs and was confirmed
by quantitative measurements performed by TGA as will be
shown later.

It is important to emphasize on the effect of annealing
on the growth of the particles. For the as-prepared samples
(i.e. only reduced) (Fig. 1a and b), different morphologies and
particle sizes for the filling materials have been observed
(small spheres, large spheres, and agglomerates as indicated
by arrows in Fig. 1b), whereas after an additional heat treat-
ment step (annealing for about 48 h) a significant growth in the

particles’ size has been observed. This observation was con-
firmed by the statistical measurements of the particles’ aspect
ratio and their diameter with respect to the diameter of the
inner walls of the CNTs. Fig. 1c and d show SEM overview
images in BSE mode and SE mode, respectively, for a sample
prepared by the second filling approach after an additional heat
treatment step. We attribute the observation of a pronounced
increase in particle size for a prolonged heat treatment (i.e.,
annealing for 48 h) to the availability of a significantly higher
amount of thermal energy, which increase the probability of particle
merging, which in turn leads to particle growth.

TEM measurements were performed for samples prepared by
both filling approaches, for each of the as-prepared and annealed
samples. Fig. 2a shows an example of an as-prepared sample of
Fe3Ga@CNTs prepared by the second filling approach, in which
most of the particles are located within the hollow cavity of the
CNTs and exhibit a wide variety of sizes. All particles have dia-
meters much lower than the inner diameter of the CNTs, whereas
after further heat treatments (Fig. 2b) most of the particles reached
a diameter nearly equal to that of the inner walls of the CNTs.

The morphology of the individual nanoparticles for the
annealed sample was highlighted by HRTEM measurement
(Fig. 2c). The crystallinity of the core material was confirmed
by the appearance of the lattice fringes (the region marked as
a red square), in which the fcc structure of Fe3Ga can be
identified from an interplanar distance of 0.207 nm (220).

Fig. 1 SEM overview image in BSE mode in contrast to the as-prepared sample prepared by (a) first (solution) filling and (b) second filling approaches.
The samples after annealing in (c) BSE mode and (d) topography (SE) mode, where the particles can also be seen as indicated by arrows (second filling
approach).
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For the as-prepared samples, no such well-defined crystal-
line structure could be clearly observed in HRTEM images.
We attribute this observation to the inhomogeneity of the
sample, lack of crystallinity, and the presence of different
phases inside CNTs. This finding underlines that a further
annealing step is essential to obtain well-defined intermetallic
nanoparticles.

TEM-based nanobeam electron diffraction was carried out
for several individual nanoparticles of the annealed sample
(Fig. 2d and e insets), revealing that the filling particles are
single crystalline with a Heusler-type L21 lattice structure,
as indicated by the reflections corresponding to the 220

(0.205 nm), 440 (0.102 nm) and 422 (0.117 nm) (Fig. 2d
and e) lattice planes which coincide with the bulk material.
This is a clear confirmation of the formation of the Heusler-
type Fe3Ga phase.

The distribution of the particles’ diameter was investigated
for the as-prepared and annealed filled samples prepared by
the second approach. The diameters were measured perpendi-
cular to the long axis of the CNTs. The as-prepared samples
have a mean diameter of dNP = dTEM = 18 � 6 nm (Fig. 3a),
whereas the annealed samples having a mean diameter of dNP =
dTEM = 40 � 10 nm was calculated (Fig. 3b). These values were
compared with the mean diameter of the hollow cavity of the

Fig. 2 TEM bright-field images of CNTs filled with Fe3Ga nanoparticles (second filling approach): (a) as-prepared and (b) after annealing for 48 h (upper-
right corner: MNP attached to the outer surface of the CNTs and covered with a C-shell that originates from carbon coating during TEM observations).
(c) HRTEM image of Fe3Ga nanoparticles with the corresponding lattice fringes. (d) Ring diagram and (e) electron diffraction patterns of Fe3Ga
nanoparticles with the corresponding TEM images as insets. The diffractogram was obtained for the zone axis [131].
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CNTs (dCNT = 47 � 15 nm). The confinement principle was
applicable, in which the CNT inner cavities limit the particle
size and to a large extent prevent particle agglomeration in both
samples. Furthermore, a strong divergence between the size
distribution of the as-prepared and annealed samples is
obvious. Hence, for very regular particles with high homogeneity
and crystallinity, an annealing step is necessary.

The spherical geometry of the intermetallic nanoparticles
inside CNTs was confirmed by aspect-ratio calculations (i.e. the
ratio of the particle’s long axis to its short axis). 73% of the
filling particles in a sample having nearly 250 investigated
filling particles had a ratio of about 1.0–1.2, whereas only
24% of the particles had an aspect ratio in the range of
1.2–1.5, and only the remaining 3% exhibited a ratio larger
than 1.5. The largest observed ratio was 1.7. Fig. 3c shows a
schematic representation of the geometry of the filling particles
based on the aspect ratio values.

The expected stoichiometry of 3 : 1 for the binary Heusler
compound was confirmed by EDX measurement, in which the
EDX analyzer was attached to both SEM and TEM. In SEM-EDX,
the stoichiometry was obtained by measuring the relative ratio
of the individual elements over an analyzed area of about
60 � 50 mm2 (see Fig. S1 in the ESI†), whereas in TEM-EDX,
the relative ratio was obtained for a large number of individual
nanoparticles. Quantitative analysis indicates atomic percen-
tages of Fe (73.07 � 1.40 at%) and Ga (26.93 � 1.40 at%) in the
Fe3Ga@CNT samples.

XRD measurements were performed for all samples prepared
by both filling approaches, whereas only for the annealed samples
we could clearly identify the phase-pure Heusler compound Fe3Ga.
The XRD pattern for the annealed Fe3Ga@CNT prepared by
the second approach is shown in Fig. 4a, where the intense
reflection at 2y B 121 corresponds to the 002 lattice plane of the
CNTs (labeled C). The reflections at 2y B 201, 281, 351 and 411
correspond to the lattice planes 220, 400, 422 and 440, respectively,
of the Fe3Ga Heusler structure with space group Fm%3m (225, cubic,
PDF No. 04-003-6567 (Mo-anode material)). No reflections corres-
ponding to oxides or carbides were detected.

For the purpose of comparison, the bulk material of Fe3Ga
has been prepared by a novel method from the metal
precursors. The XRD diffraction pattern for the bulk sample
was measured and compared to that of the nanoparticles
(Fig. 4a). Rietveld refinement identifying the exact structure
of the material was also carried out as displayed in Fig. 4c.

An additional XRD measurement was also performed for the
annealed Fe3Ga@CNT sample using a X0Pert X-ray diffracto-
meter (Co Ka = 1.79278 Å). The XRD pattern is shown in Fig. 4b,
where the intense reflections at 2yB 301 and 371 correspond to
the CNT lattice planes 002 and 102, respectively (labeled C). The
reflections at 2y B 511 and 761 correspond to the lattice planes
220 and 400, respectively, of the Fe3Ga Heusler structure with
space group Fm%3m (225, cubic, PDF No. 04-002-1175 (Co-anode
material)).

Assuming the spherical shape of these nanoparticles and
using Scherrer’s equation, D = 0.93l/D(2y) cos(y), where D is the
mean size of the particles, l is the X-ray wavelength and D(2y) is
the line broadening at half the maximum intensity (FWHM) in
radians,22 the mean particle diameter dXRD equals to 29.3 �
0.2 nm, which correlates well with the mean particle size
obtained from the statistical analysis of the TEM measurements
(dTEM = 40 � 10 nm) and confirms the high crystallinity of the
material (Fig. 3b).

A comparison between the lattice parameters of the bulk
sample and the reference material was also calculated and
listed in Table 1 (data obtained from the Inorganic Crystal
Structure Database (ICSD)).23

TGA is mainly used as an indication of the sample purity
(i.e. the absence of outside particles which exhibit an increase
in mass prior to the combustion of the CNTs) and for the
determination of the magnetic content of the material inside the
CNTs based on the mass residue calculations. This measurement
confirms the observations found by SEM that the main difference
between the two filling approaches is the filling yield, i.e., samples
prepared by the second filling approach are found to have a
higher filling yield in comparison with those prepared by the first
(solution) filling approach. For some samples, the filling yield

Fig. 3 Histograms representing the distribution of the inner diameters (nm) of CNTs and particle diameters for the (a) as-prepared and (b) annealed
samples. (c) Schematic representation of the geometry of the filling particles of the annealed sample with respect to the aspect-ratio values (a colored
version of this figure can be viewed online).
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reached B8.7 wt% for solution-filled samples (Fig. 5, black curve),
whereas for the samples prepared by the second approach, the
filling yield was as high as 11.2 wt% (Fig. 5, purple curve). The
lower filling yield of the solution-filled samples can be attributed
to the occupancy of the inner volume of the CNTs by water, which
decreases the filling capacity of the inner CNT cavity, compared to
the available filling volume in the second filling approach, in
which only a few drops of distilled water is required, solely to
ensure good stirring. The humped peak observed for the samples
filled by the second approach indicates the presence of some
particles attached to the outer surface of the CNTs, nevertheless,
they are coated with carbon layers (see the inset in Fig. 2b, upper-
right corner). Therefore, no diffraction peaks for the corres-
ponding oxides were observed as shown by XRD measurements.

3.2. Magnetic properties

As mentioned in the Introduction, one of the main points
of this work was to study the effect of reduction of the Fe3Ga
alloy to the nanoscale size on their magnetic properties in
comparison to the bulk material. The magnetic properties of
the encapsulated MNPs and the produced bulk material were
compared with those results obtained by Kawamiya et al. for a
sample prepared from pure iron and gallium elements sealed
into an evacuated quartz tube and heated to a temperature over
1000 1C for about 3 days.14

The magnetic field dependence of the magnetization M(H)
has been measured for the bulk material, as-prepared and
annealed samples prepared by the second filling approach at
5 K (Fig. 6a). The saturation magnetization Ms for the bulk
material was about 165.7 emu g�1, a value correlating well with
that obtained by Kawamiya et al. at 4.2 K (B169.0 emu g�1 for
the fcc phase), whereas for the annealed Fe3Ga@CNT nano-
particles, Ms equals to 152.2 emu g�1. This finding implies that
the relative high saturation magnetization known for the bulk
material is preserved even for the Fe3Ga Heusler nanoparticles.
Furthermore, the magnetization data give evidence for the
importance of the annealing step since the as-prepared sample
exhibits a Ms significantly lower than the reported data for the

Table 1 Comparison between the lattice parameters of the prepared bulk
sample and the reference material of Fe3Ga with space group Fm %3m, 225.
(PDF No. 04-003-6567)

Lattice parameters Bulk sample (observed) Fe3Ga (Fm%3m, 225)

a 5.80145 Å 5.807 Å
b 5.80145 Å 5.807 Å
c 5.80145 Å 5.807 Å
a, b, g 90.0001 90.0001

Fig. 4 XRD diffraction patterns for the annealed sample of Fe3Ga@CNT (second filling approach) in comparison with the standard Fe3Ga, (a) Mo-anode
material (PDF No. 04-003-6567), (b) Co-anode material (PDF No. 04-002-1175) and (c) Rietveld refinement for the bulk material (a colored version of this
figure can be viewed online).
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bulk material (117.0 emu g�1). This can be attributed to a lower
crystallinity of the MNPs for the as-prepared samples compared to
the annealed samples and the bulk material, and the formation of
a bulk-like ferromagnetic core and a shell composed of disordered
moments9,24 (therefore, HRTEM for the as-prepared MNPs was
not possible, as has been shown earlier).

The temperature dependencies of the saturation magnetiza-
tion for the bulk material and the annealed sample indicated a
change of less than 4% when going from 5 K to 300 K. This
weak decrease in the saturation magnetization with an increase
in temperature from 5 K to 300 K can be attributed to
the generally high Curie temperature (Tc) of bulk Heusler
compounds and particularly of Fe3Ga.13 In other words, both
the saturation magnetization and Tc of the bulk material
are preserved in the Fe3Ga Heusler nanoparticles. The field-
dependent magnetization data measured at 300 K are shown in
Fig. S2 in the ESI.†

The measured saturation magnetization enables the assessment
of the content of the ferromagnetic material in Fe3Ga@CNTs. The
value of the saturation magnetization is governed by the magnetic
properties of the MNPs which we estimate by the bulk value and
the amount of the ferromagnetic material with respect to the
diamagnetic CNTs (i.e. MMNP@CNT

s /Mbulk
s ). This comparison

indicates a filling yield of approximately 10.1 wt%, which
correlates well with the TGA results (B11.2 wt%). In other
words, the mass fraction of the magnetic active material is
about 10–11 wt% for Fe3Ga@CNTs.

Unlike saturation magnetization, coercivity is a size-
dependent property already in the size range studied here.
The data in Fig. 6 demonstrate a robust enhancement in the
hardness of the magnetic nanoparticles compared to the bulk
material. The coercive field (Hc) measurement for the annealed
samples of Fe3Ga nanoparticles prepared by the second filling
approach at 5 K gave Hc E 433 Oe. This value is approximately
nine times higher than the bulk material at the same tempera-
ture (Hc-bulk B 50 Oe) (Fig. 6b).

The increase in the coercive field as the particle size
decreases can be attributed to the size dependence of coercivity
in the vicinity of the critical size of domain formation in nano-
particles.25–27 In short, the regime coercivity of single-domain
(SD) magnets decreases upon size reduction while it increases
in the multi-domain (MD) state. The fact that the as-prepared
samples have significantly larger coercivities compared to the
annealed ones can hence be straightforwardly attributed to the
small size of the MNPs stabilizing the SD state. The fact that larger
post-annealed MNPs exhibit smaller coercive fields can hence be
associated with the MD state realized in such large particles.

4. Conclusions

In this work, a new type of Heusler nanoalloys of the formula
Fe3Ga has been prepared using carbon nanotubes as templates
for the formation of nanoparticles. Our study demonstrates that

Fig. 5 Relative sample mass loss for the sample filled by the first approach
(i.e. solution) (black) and the other filled by the second approach (purple) of
Fe3Ga@CNTs during the combustion process of the nanocomposite,
in which mass of the CNTs starts to decrease at T B 530 1C (a colored
version of this figure can be viewed online).

Fig. 6 (a) Hysteresis curves, measured at 5 K, for the Fe3Ga bulk material in comparison to the Fe3Ga@CNT nanoparticles. (b) Enlarged view of the
hysteresis curves shows the enhancement of the coercive field for the Heusler nanoparticles compared to the bulk material (a colored version of this
figure can be viewed online).
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both wet chemistry techniques offer a facile way to synthesize
Heusler nanoparticles in a well-defined manner. The additional
annealing process is mandatory for phase pure, high crystalline
Fe3Ga@CNTs. In addition, we were able to prepare the bulk
material by a novel method from the salt precursors. The magnetic
properties of the magnetic nanoparticles were measured. It was
found that saturation magnetization is preserved even at the
nanoscale, whereas the hardness of the Fe3Ga@CNTs was
enhanced due to size reduction. This approach of filling and
preparing of nanoalloys opens the door for many materials to be
re-sized down to the nanoscale dimensions for the discovery of
unique new properties, which can be significantly different from
their bulk counterpart, and hence, new applications can emerge.
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