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h i g h l i g h t s
� Complete description of the growth mechanisms of Fe2MnSi Heusler alloys nanoparticles.
� Pulsed laser deposition technique with different laser energy per pulse were used.
� We found core-shell NPs with an atomically ordered nucleus and an amorphous shell.
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a b s t r a c t

We report on a systematic study of the experimental parameters to control size and morphology of half-
metals Heusler nanoparticles synthesized by pulsed laser deposition (PLD) technique. Our findings
suggest the existence of a threshold across which the mechanism of particle growth changes: core-shell
NPs for higher values of laser energy and randomic amorphous structure for lower values of laser energy.
The growth mechanisms are discussed in deep based on the high resolution transmission electron mi-
croscopy (HR-TEM) results; and a phase diagram was developed to summarize our findings.

© 2017 Published by Elsevier B.V.
1. Introduction

Half-metal (HM) materials have attracted much interest as
promising materials to enhance several kinds of spin-dependent
phenomena, since they generate a highly spin-polarized current
due to an energy band gap in one spin-channel at the Fermi level (EF)
[1,2]. This property makes these materials very promising for ap-
plications on spin-injection and spin-manipulation in spintronic
devices [3]. Therefore, the exploration of half-metallic materials with
as high spin-polarization as possible at room temperature is critical
for developing practical devices with ‘spin-mediated functionalities’
[4]. In particular, Si-containing full-Heusler alloys are promising
materials for spin injector/detector of Si-based spin devices, such as
metal-oxide-semiconductor field-effect transistors [5].
Full Heusler alloys are of the form X2 YZ, where X and Y are d-

block elements and Z is a p-block element [6]. In the ordered L21-
phase, it has a cubic structure with X occupying a simple-cubic sub-
lattice (or, equivalently, two fcc sub-lattices), and Yand Z occupying
two distinct interlocking fcc cubic sub-lattices [7]. Generally, the
Heusler structure can be looked on as four interpenetrating face-
centred-cubic (fcc) lattices, in which there are four crystal sites
represented as A(0,0,0), B(1/4,1/4,1/4), C(1/2,1/2,1/2) and D(3/4, 3/
4, 3/4) in Wyckoff coordinates [8]. In addition, A and C sites are
similar in chemical surroundings and usually created as equilib-
rium. Conventionally, (A, C) and B sites are occupied by X and Y
atoms, respectively, while D site is occupied by Z atoms. A fully
ordered atomic arrangement in full-Heulser alloys is the L21
structure, however, the partially disordered B2 and fully disordered
A2 structures also exist [9,10]; and this atomic disorder induces
significant effects on the physical properties of the material, in
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Fig. 1. Rietveld refinement of the powder XRD pattern of the Fe2MnSi target, measured
at room temperature. Open symbols (black) are the observed data, continuous line
(red) represents the calculated profile and the difference curve (blue) is at the bottom.
Inset is the EDS-stoichiometry measurement of the target. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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particular on the magnetization and half-metallicity [11].
Pulsed Laser Deposition (PLD) is a method to produce metal

nanoparticles (NPs) free from products of chemical reactions [12].
NPs are formed at relatively lowgas pressure (0.2e10 Torr) of inert or
reactive gas. During expansion and cooling, condensation starts
within the ablated vapour and the condensed particles undergo
multiple collisions with ambient gas molecules, leading to the sta-
bilization of the nanoclusters before they arrive to the substrate
surface [13]. On the other hand, the magnetic properties of a system
of NPs are strongly dependent on the particle size distribution,
crystalline structure, shape, and the spatial arrangement of the
particles [14]. Many basic phenomena observed in such systems are
related to the interaction amongNPs, such as the displacement of the
blocking temperature and spin glasslike properties, for example [15].

The present paper deals with the optimization of PLD parame-
ters to obtain nanoparticles of Heulser alloys to spintronic devices.
To this purpose, the material must have the highest magnetic
saturation moment and Curie temperature as possible; as well as
follow the Slater-Pauling rule and, in addition, be ferromagnetic.
Fe2MnSi has a lowCurie temperature (220 K [16]), fails to follow the
Slater-Pauling rule [16] and, in addition, has an antiferromagnetic
arrangement of Mn ions [7,9]. Due to these reasons, this material is
a good choice, since it is possible to verify if the nano-topology will
improve those non-optimized physical properties.

In brief, we found two different NPs morphology, depending on
the laser energy: a core-shell pattern, with an atomically disor-
dered/ordered shell/core, for higher values of laser energy; and a
fractal agglomerate of nanoparticles atomically disordered, for
lower values of laser energy. We also found a limiting threshold
containing both morphologies and all these findings are summa-
rized on the proposed phase diagram. The growth mechanism and
compositional analysis of the nanoparticles are also discussed in
deep. These results are able to guide further works on nanoparticles
production, using PLD technique, of half-metal Heusler alloys for
spintronic applications.

2. Experimental details

Target: Polycrystalline full Heusler Fe2MnSi alloy was synthe-
sized at IF-UFF by melting pure Fe, Mn and Si pieces in arc furnace.

X-ray diffraction: Room-temperature powder x-ray diffraction
(XRD) was measured by Bruker AXS D8 advance diffractometer
with Cu-Ka radiation (l ¼ 1.54056 Å), 40 kV and 40 mA at IF-UFF.
Data were collected in the 20� < 2q < 90� range in Bragg-
Brentano geometry, with a step size of 0.02�. Rietveld refinement
was carried out to calculate lattice parameters.

Microscopy: TEM measurements were performed on a High
Resolution Transmission Electron Microscope JEOL 2100F-200KV at
LABNANO - CBPF.

Electron microscopy measurements were performed in STEM
and TEM mode in a field emission JEOL 2100F operated at 200kV
and equipped with a energy dispersive spectroscopy (EDS) detector
(Noran Seven).

Energy dispersive spectroscopy (EDS) experiments were per-
formed on a Scanning Electron Microscope (SEM) JEOL JSM-6490LV
at LABNANO - CBPF.

Pulsed Laser Deposition: NPs were deposited by the PLD tech-
nique at IF-UFF. The ablation of target material was accomplished
by a Nd:YAG laser at awavelength of 1064 nm, a pulsewidth of 7 ns,
a variable repetition rate up to 10 Hz (10 pulse/s), and a maximum
pulse energy of 200 mJ. The size of the focal spot is about 1 mm,
which gives an average fluency that can be varied up to 6.4 J/m2.
The laser beam is focused onto a Fe2MnSi target in the presence of
Ar buffer atmosphere at 1 Torr of pressure. The target rotates with
an angular velocity of 10 deg. per second. Before depositing
Fe2MnSi onto the substrates, the target was cleaned by the laser, at
least, for two complete rotations. The distance between the sub-
strate and the target is 30 mm.

Substrate: Copper grids covered by thin carbon films (Ted Pella,
inc.) were used to collect the particles for transmission electron
microscopy (TEM, HR-TEM and STEM).
3. Target production

Targets of polycrystalline Fe2MnSi were prepared by conven-
tional arc melting method in water cooled copper hearth under
inert (argon) gas atmosphere using appropriate amount of high
purity Fe (99.99%), Mn (99.99%), and Si (99.99%). The ingot formed
was thus homogenized by repeated reversing and re-melting.
Samples sealed in quartz tube under vacuum were further
annealed at 1323 K for 3 days and then quenched in cold water for
stabilizing the cubic phase. Some small pieces of the ingot were
separated for powder X-ray diffraction measures, to verify the
crystal structure, and energy dispersive spectroscopy (EDS), to
define the elemental composition of the prepared samples.

Rietveld refinement was carried out on the X-ray diffraction
(XRD) pattern using the Powder Cell software and Fe2MnSi struc-
tural data (ICSD Code N� 186 061) as basis (see Fig. 1). This analysis
indicates that the material crystallizes in the cubic space group
Fm3m (space group 225) ordered in the L21 structure and has no
spurious phases, as well as a lattice parameter of a ¼ 5.663(1) Å.

Elemental analysis carried out at different regions of the sample
using SEM with EDS shows that the sample stoichiometry is nearly
the same at every region. The final composition was estimated by
averaging the measurements at different regions of the sample and
was found to be Fe2.00Mn0.96Si0.85 (see inset of Fig. 1).
4. Nanoparticles pattern

The size of the NPs can be controlled by laser parameters,
environmental conditions of the gas and flow parameters. To study
the (nano-)structure and size distribution of these NPs, we have
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systematically deposited several samples on TEM grids covered by
thin carbon sheet by changing laser pulse energy. Table 1 provides
the deposition conditions and label of each sample.

Transmission Electron Microscopy (TEM) was used to analyze
the morphology of those produced samples and the typical results
are shown on Fig. 2. We found three different patterns: (a) core-
shell NPs with typical average diameter of 20 nm, (b) solid NPs
with typical average diameter of 200 nm and (c) irreversible ag-
gregation of branched randomic network structures composed of
amorphous NPs with typical diameter of 10 nm.

The core-shell pattern could be found on those samples pro-
duced with higher laser energy; and 67mJ/pulse (NP_67 sample), is
the threshold laser energy below which there is no core-shell NPs.
On the other hand, solid NPs could be found on all of the samples
and these are consequence of an entire peace of material removed
from the target. As expected, the amount of these (macro-) NPs
decreases by decreasing laser energy. Finally, the fractal cluster
pattern was observed for lower values of laser energy (67 mJ/pulse,
corresponding to NP_67 sample, is also the threshold). For this
value of laser energy (67mJ/pulse), both patterns were found; i.e., a
phase coexistence.

Fig. 3 presents the particle size distribution (PSD), obtained from
the linear intercept method on several TEM images [17]. These PSDs
summarize our findings and clarify this discussion. Note these
distributions only accounts for the core-shell NPs, as well as those
into the fractal clusters (signed on Fig. 3 with a closed circle). Solid
and larger NPs (z200 nm) were not taken into account. It is worth
to note on Fig. 3 that the PSDs are highly asymmetric and thus we
can consider a lognormal distribution (as done in other works [18]):

f ðDÞ ¼ A

sD
ffiffiffiffiffiffi
2p

p exp

(
� ½lnðDÞ � m�2

2s2

)
(1)

where D is the nanoparticles size, A is the amplitude and the pa-
rameters m (location) and s (scale) define the mean size of
nanoparticles:

〈D〉 ¼ emþs2=2; (2)

the mode (most probable value of nanoparticle):

Dm ¼ em�s2
; (3)

the standard-deviation:
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
es2 � 1

p
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and, finally, the dimensionless skewness (that measures the
asymmetry of the distribution and assumes zero for a symmetric
one):
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Table 1
Parameters used for depositions and the corresponding label of the samples.

Sample Energy/pulse (mJ) Fluence (J/cm2) Time (s)

NP_200 200 6.37 30
NP_168 168 5.35 60
NP_105 105 3.34 60
NP_67 67 2.13 120
NP_8 8 0.25 120

Fig. 2. HR-TEM images of Fe2MnSi NPs obtained under different conditions and,
consequently, different patterns have been found: (a) core-shell structure for higher
values of energy; (b) solid NPs for all values of laser energy (a direct extraction of
material from the target); and (c) a randomic structure found for lower values of laser
energy.



Fig. 3. Size distribution of the produced Fe2MnSi NPs (see Table 1 for further infor-
mation), and the corresponding lognormal fitting. Note these distributions only ac-
counts for the core-shell NPs (green histogram), as well as those into the randomic
clusters (signed with a closed circle and represented by the purple histogram). Solid
and larger NPS (z200 nm) were not considered.

Table 2
NPs mean size 〈D〉, mode Dm, standard-deviation D and skewness Ds values,
extracted from the lognormal fitting to the histograms.

Sample 〈D〉 (nm) Dm (nm) D (nm) Ds

Core-shell NPs

NP_200 19.00 16.19 6.38 1.04
NP_168 17.05 13.06 7.52 1.41
NP_105 20.80 15.81 9.31 1.43
NP_67 24.46 22.56 5.74 0.72
NP_8 e e e e

NPs on amorphous fractal clusters

NP_200 e e e e

NP_168 e e e e

NP_105 e e e e

NP_67 5.69 5.64 0.43 0.23
NP_8 14.77 14.27 2.25 0.46

Fig. 4. Mean NPs diameter 〈D〉 as a function of the laser energy for both, core-shell NPs
and amorphous NPs into the randomic cluster. Note (i) there is a range of laser energy
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The theoretical fitting to the data are also presented on Fig. 3
and the parameters found summarized on Table 2. A deeper anal-
ysis of these data will be addressed next section.
in which both patterns can be observed (stripped area) and (ii) the mean particle size
for the sample produced under 200 mJ of laser energy does not follow the tendency of
the other samples due to the smaller deposition time (shown between parenthesis),
i.e., the system had not reached yet the stead state flow and the deposition is still
under transient effects.
5. Phase composition and growth mechanisms

The production of nanoparticles using ‘laser-ablation
techniques’ generally consist of a pulsed high-power laser. The
vapor ejected from the target due to these high-power pulses can
be supercooled as a consequence of its expansion and interaction
with the ambient gas, that, on its turn, behaves as a collision media.
Due to the supersaturation in the vapor caused by decreasing
temperature within the plume, formation of NPs occurs. Thus, NPs
are formed before they are deposited onto the substrate [19]. The
duration of the supersaturated conditions is limited by the adia-
batic expansion of the plume; therefore, the gas pressure plays a
crucial role in NPs nucleation and growth. On the other hand, the
predominant mechanisms for cooling of the vapor ejected by laser
radiation varies due to the laser flux density. At higher densities, a
supersonic supersaturated vapor flow is formed; and the adiabatic
expansion is the predominant cooling mechanism. As higher the
supersaturation, is smaller the size of the nuclei required for
condensation. This leads to a large number of nuclei and, and as
consequence, to smaller particle sizes. In return, at lower densities,
a subsonic vapor flow is created; and the heat conduction and
diffusion mixing with an ambient gas are the predominant cooling
mechanisms. This procedure contrasts with the PLD for thin-film
deposition, in which there is no gas into the chamber and instead
of NPs, atoms, molecules and ions are directly deposited on the
substrate to then, a posteriori, interact each other.

The final size of nanoparticles is determined by the vapor su-
persaturation and frequency of collisions in the growth region, i.e.,
‘on-the-flight’ [20]; and can be roughly estimated as [21]:

1
D
fkBT ln

�
pv
pb

�
þ
�
Qv

kBT

��
1� T

Tb

�
(6)

where pv is the actual vapor pressure, pb the saturated vapour
pressure, Tb is the boiling temperature at normal pressure (1atm)
and Qv is the latent heat of vaporization (not dependent on T). This
simple approach, described in details on references [22], explicitly
says that, decrease the plasma temperature T (by decreasing the
laser energy) promotes an increasing on the NPs diameter D; and
this effect is observed on our experimental phase diagram pre-
sented on Fig. 4-based on the data of Table 2. Failures on the model



Fig. 5. HR-TEM images of (a) core-shell NPs, focusing on the core/shell pattern, that
exhibits a continuous lattice fringes and (b) high magnification on the randomic
clusters. Insets: corresponding fast Fourier transform (FFT) pattern to ratifies (a) the
crystalline nature of the core and (b) the amorphous character of those NPs.
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are consequences of the complex growthmechanisms found on the
corresponding range of laser energy and overall experimental
setup.

The achieved phase diagram clearly summarizes and explains
the pattern found on those samples: a core-shell structure, for
higher values of laser energy; and NPs into fractal structures, for
lower values of laser energy. A coexistence pattern of those two
structures was found for intermediate values of laser energy. We
highlight one fact we have successfully controlled: the mean NPs
diameter for the sample produced under 200 mJ/pulse does not
follow the linear tendency of those other samples; and it is due to
the smaller deposition time and the transient effect that emerge as
soon as the deposition starts. Those other samples have been
deposited under a steady state flow.

Next subsections will address further discussions on the growth
mechanisms of each pattern found.

5.1. Core-shell nanoparticles

Let us focus our attention to the core-shell pattern, say the NP
presented on Fig. 2(a) (NP_200). This core/shell organization results
from surface (or interfacial) segregation and is driven by threemain
forces: the differences in surface (or interfacial) energies, size of the
concerned elements or their ability/inability to mix [23]. The
complete nanoparticle has a remarkable volume to shell ratio 7:2 -
this specific nanoparticle has a total diameter of 32 nm (corre-
sponding to 17,150 nm3), while the core has a diameter of 21 nm
(corresponding to 4850 nm3). The thickness of the amorphous
shell, close to 5.5 nm, exceeds the typical thickness for a native
oxide layer growth at room temperature (~1 nm) [24]. High
magnification images were acquired, as presented on Fig. 5(a). It is
possible to clearly see the resolved lattice planes into the core,
where the inter-planar spacing is about 0.23 nm; while the shell
shows an amorphous character. The Fast Fourier Transform (FFT) of
the image (inset of Fig. 5(a)), allows to confirm that the core shows
a behavior of one single crystal. This pattern was observed for
several HR-TEM images of many core-shell NPs.

5.2. Solid nanoparticles

Solid NPs, with size ranging from hundreds of nanometers to a
few micrometers, are considered a kind of debris on the final
sample. The interaction of the laser with nanosecond pulses leads,
especially at the surface of good thermal conductors, to the for-
mation of a pool of melted material. Droplets are directly ejected
from the irradiated surface by a hydrodynamicmechanism [25], i.e.,
photomechanical effects driven by the relaxation of laser-induced
stresses [26] can give rise to the formation/expulsion of large
liquid droplets and solid particles. These can be seen on Fig. 2(b).

5.3. Amorphous randomic clusters

A general problem of the laser-ablation process with pulse du-
rations in the nanosecond range is the high concentration of
evaporated material in the plume. Insufficiently fast expansion of
evaporated material leads to the formation of agglomerates, a
phenomenon that is often observed. These agglomerates, in most
cases are with branched and fractal-like shapes. NPs into the fractal
cluster have somewell defined characteristics. These (i) are smaller
than those with a core-shell pattern, (ii) present short range
structure, (iii) have no core-shell pattern and (iv) are amorphous.
These statements are confirmed from the high magnification image
of HR-TEM on a agglomerate, as can be seen on Fig. 5(b), and its
inset, that shows its respective FFT. These amorphous NPs with
branched and fractal shapes of agglomerates are produced due to
the strong attractiveness of NPs [27]. These open aggregates
(dendrites pattern) are better observed on Fig. 2(c), corresponding
to the sample NP_67.
6. Compositional analysis

The chemistry composition of many core-shell NPs were
investigated by High Angle Annular Dark Field (HAADF)-STEM
images and line scan EDX. Higher brightness regions in HAADF-
STEM images correspond to high mass and/or thickness in the
sample, Fig. 6(a). X-ray counts were measured throughout the
particle with an electron beam of 1 nm in adjacent regions spaced
by 4 nm.

We observed that the Fe content relatively toMn and Si is higher
in the core than in the shell. The Fe distribution increases steeply at
the center of the particle (core) while the Mn and Si distribution
remain constant though the NP-Fig. 6(c). This result is supported by
HAADF-STEM images where the core region from the NPs is more
bright than the shell. These results show that the particles are
morphologically structured with a Fe-rich core. The absolute stoi-
chiometry is not well defined due to the absence of appropriate
standard; but the important result is that the core has relatively



Fig. 6. High Angle Annular Dark Field (HAADF)-STEM images of the core-shell NPs Fig. (a), Energy dispersive spectroscopy on a scanning electron microscope transmission (EDS-
STEM) measured on the core, shell and blackground Fig. (b) and the corresponding profile of measured along the cross-sectional line of the core-shell NPs Fig. (c).
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rich Fe core content in comparison to the other elements, exactly as
the full Heusler alloys discussed along this contribution. Energy
dispersive spectroscopy on a scanning electron microscope trans-
mission (EDS-STEM) was also measured to determine the existence
of compositional rich domains within the NPs, as can be observed
on Fig. 6(b). The spectra of EDS were collected in 20 s due to rapid
carbon contamination. Points 1 (core), 2 (shell) and 3 (background)
were obtained with the same beam parameters and acquisition
time showing again the reduction of Fe. The background presented
low amount of Fe, Mn and Si dispersed over the carbon film of the
TEM grid and it is important to notice again the reduction of Fe
content on the shell - see Fig. 6(b).

7. Conclusions

The present effort focus on the production of Heusler NPs by
using PLD technique. NPs pattern and the corresponding growth
mechanism are throughout described. In summary, for higher
values of laser energy (200 mJ/pulse), a core-shell structure was
found, with a crystalline core and an amorphous shell; while for
lower values of laser energy (8 mJ/pulse), a randomic amorphous
aggregatewas obtained. For intermediate values of laser energy (67
mJ/pulse), a phase coexistence was found; and these conclusions
come from HR-TEM images and their corresponding Fourier
transformer. A phase diagram could then be obtained and it sum-
marizes the growth pattern of nanoparticles of Fe2MnSi half-metal
Heulser alloys. Compositional analysis were also carried out and we
found the core (of the core-shell nanoparticles), with a richer Fe
content in comparison to the amorphous shell.

These results summarize and classify the Heusler nanoparticles
achieved by using PLD technique; being therefore useful for those
who are interested on the influence of the nano-topology on the
half-metallicity and magnetic properties of these materials.
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