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Abstract

Calculations of the total energy of Fe-Pt nanoclusters, corresponding in the phase
diagram to the compositions of FePt, FePt; intermetallics and possessing either
characteristic structures L1, and L1,, respectively, or non-characteristic disordered
structure A1, as well as various particle habits (cuboctahedra, icosahedra) are carried
out by molecular dynamics for the first time. The dependences of cluster stability
on their size and temperature are plotted, along with the schemes of temperature
transformations of cluster morphology and the dependence of the melting points of
the clusters with these structures and habits on their size. The size range (2—8 nm)
corresponds to the sizes of particles observed by high-resolution electron microscopy.
Itis shown that the species play an essential part in the phase transformations proceeding
under heating in the nanostructured system Fe-Pt and leading to the formation of
nanocrystals with highly ordered L1, structure possessing giant coercivity are cubic
nanoclusters with the ordered structures L1, and L1,. With an increase in cluster size,
their stability and melting points increase, tending to saturation of the dependencies
within the size range above 10 nm. The least stable clusters are those of intermetallics

Diffraction-invisible phase

with non-characteristic disordered structure Al and icosahedral habit.

1. Introduction

One of the hot spots of materials science in na-
no-sized polymetallic systems is the problem of
obtaining FePt particles of equiatomic composi-
tion as blockless nanocrystals (NC) with tetrago-
nal structure L1, at high ordering [1-6]. The most
practical synthesis method is the joint reduction of
the components (Pt, Fe) from the mixtures of the
aqueous solutions of precursors [1, 6]. In practi-
cal respect, the relevance of solving this problem
is due to the fact that, because of the features of
atomic structure [1-4], this system possesses a
unique combination of properties for nanopolymet-
als: giant coercivity (estimated as up to 9 T) [4-6]
and rather high saturation magnetization and Curie
temperature, high magneto-optical anisotropy, etc.,
which determines the high potential of this system
for micro-(nano)electronics, micro-(nano)magnet-
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ic engineering, in developing the media with the
high density of magnetic information record [7—
10]. Meeting the above-listed requirements, FePt
NC are probable candidates for the development
of memory elements with maximal record density,
given the possibility to obtain these elements with
a size of about 5 nm, with the conservation of fer-
romagnetic state up to a temperature of 300-320
K, possessing a high temperature of the transition
into the super-paramagnetic state because of the
giant coercivity.

Despite the relevance of this problem and enor-
mous effort aimed at solving it, it has not been
solved yet, as reported in [11-12], because of un-
usual phase compositions of the nanostructured Fe-
Pt system obtained through Red-Ox reactions and
the complicated nature of phase transformations
during the transition of nanoclusters under heating
from the initial non-equilibrium state of the target
phase of highly ordered intermetallic (IM) with
L1, structure (Fig. 1).
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Fig. 1. Phase diagram of FePt [13].

The specificity of phase transformations result-
ing in the formation of the target phase L1, is in their
occurrence as a sequential series of reactions of so-
li-solid type, with the formation of nano-phases in
the sequence A1—L1,(IM FePt;)—L1, (IM FePt),
while one reagent is the nanoparticles of FePt;,
FePt, possibly Fe;Pt phases that cannot be detect-
ed by diffraction [11]. Their essential role in phase
transformations leading to the formation of the tar-
get L1, phase, along with the practical impossibil-
ity of studying their morphology and atomic struc-
ture experimentally, makes calculations the major
tool of their investigation.

Along with the above considerations, a relevant
task is a calculation of the stability of the formed
IM FePt particles with L1, structure in the above-
show size range (4-6 nm) and their properties
(habit of the particles, melting point, and ordering
degree).

In the present work, we describe the results of
calculations of nanoclusters (NC) with the struc-
tures of disordered fcc solid solution (A1 type), or-
dered fcc FePt, IM (L1, type), and ordered tetrago-
nal FePt IM (type L1,), i.e. the forms in which the
particles of diffraction-invisible phases (DIF) may
be formed, in all the cases of cuboctahedral (corre-
sponding to macro objects) and icosahedral (more
favorable for nanosamples because of the minimal
surface energy) habits, within the size range 3 to 8
nm, which is relevant according to the experimen-
tal data (see below). For the first time in the FePt
nanosystem, the calculations have been carried
out by molecular dynamics, as the most precise
method, which is convenient for the calculation of
multi-component metal systems.

2. Experimental
2.1.0bject preparation

Nanostructured FePt powders (NSP) were ob-
tained in the reactor thermostated at 80 °C by the
co-reduction of the metals with hydrazine (as hy-
drazine hydrate, taken in 10-fold excess over the
stoichiometric amount) from the mixtures of aque-
ous solutions (0.1 mol/L) of HPtCl, 6H,O, FeSO,
7H,0, CoSO, 7H,0 (all reagents were of analyti-
cally pure grade). Synthesis conditions and details
were described in [12, 14].

2.2. Experimental investigation methods

The structure, phase compositions and details
of phase structures of NSP were studied by X-ray
diffraction using the Bruker D8 ADVANCE A25
diffractometer (Germany), with Cu Ka radiation,
at A = 1.5406 A0, with Ni filter at the secondary
beam. Measurements were carried out within the 2
angle range of 2001400, with a scan step of 0.020.
Data collection and XRD processing were carried
out using the Diffrac.Suite.Eva (V3.1) software
package.

The composition of diffraction-visible phase
was determined with the help of ICDD PDF-2 da-
tabase and the empirical dependence between the
composition and average volume per one atom in
the unit cell [11]. Electron microscopic observa-
tion was carried out with a JEOL JEM 2100 micro-
scope (JEOL Ltd, Japan) in the light field mode.
The sample preparation for highly magnetic NSP
was described in [15].
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2.3. Theoretical analysis

Calculation of the total energy of the clus-
ters was carried out with the help of LAMMPS
software [16] by molecular dynamics, using the
MEAM-2NN potential [17]. The parameters of the
potential were taken from [18]. The simulation was
carried out within the framework of a micro-ca-
nonical (NVT) ensemble using the Nosé-Hoover
thermostat. The thermostat constant and the time
step were determined in preliminary calculations
to be 0.012 and 0.001 ps, respectively.

Atomic coordinates were determined in the
WinPython software [19] using the ASE library
[20]. The initial form of nanoclusters includes reg-
ular cuboctahedra and icosahedra with atomic po-
sitions and interatomic distances characteristic of
the bulk samples of corresponding phases.

Visual images of cluster transformations and

14000 (a)
12000
10000

8000

I, au.

6000
3
4000
2

2000
1

0

25 30 35 40 45 50 55 60 65 70 75 80 8 90 90
20,°

%73

their atomic structures were obtained in the Ovito
software [21].

3. Results and discussion

The XRD analysis of Fe-Pt samples containing
Fe within the range of 7-24 at.% detects the only
phase, with reflections corresponding to the fcc lat-
tice (type Al) as shown in Fig. 2a. The composi-
tions of this phase, calculated according to the pro-
cedure described in [11], are presented in Fig. 2b.
According to these results, according to the phase
diagram of the Fe-Pt system (Fig. 1), the detected
phase is a Pt-rich solid solution (SS) with the upper
limit of Fe solubility in Pt 11.4+0.7 at.%. It follows
from this that the Fe-Pt samples with Fe content
above the limit of their solubility in Pt contain,
along with the SS phase detected by XRD, also a
diffraction-invisible, Fe-rich phase
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Fig. 2. (a) — X-ray diffraction patterns of the samples of FePt nanoparticles with 7 (1), 19 (2) and 24 (3)% Fe;
(b) — dependence of the composition of the fcc phase (according to XRD data) on sample composition; (c—e) — typical

TEM microphotographs of FePt particles..
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Fig. 3. Size dependence of the energy of FePt (a) and FePt; (b) nanoclusters with different structures and habits.

(or phases). Its diffraction invisibility is connect-
ed with ultra-small particle size and consequent
substantial broadening of diffraction peaks, which
hinders their observation against the background of
reflections from the fcc phase (Al), close in com-
position, with lower scattering efficiency because
of lower Pt content, and with the possibility of the
amorphous structure of nanoclusters.

In the TEM images one can see, along with
abundant fcc SS nanocrystals, the particles with a
size of 2—4 nm, often adjacent to the surface of the
former particles (Fig. 2 c), as well as smaller for-
mations (Fig. 2 d).

The size dependences of the total energy of the
nanoclusters of different habits, with e atomic ra-
tios corresponding to IM composition FePt, FePt;,
at 0 K are shown in Fig. 3. One can see that the
most stable NC are those of the ordered phases L1,
and L1, (IM FePt, FePt;, respectively), shaped as
cuboctahedra, which is characteristic of them in the
bulk state. The results obtained by HRTEM corre-
spond to these observations. Some HRTEM imag-
es of nanoparticles 3—4 nm in size exhibit atomic
rows with the distance between them correspond-
ing to the 111 place of the fcc lattice (Fig. 2e).

The least stable NC are those with the icosa-
hedral habit with disordered A1l structures, which
are not characteristic of IM. Amorphization of NC
causes a decrease in stability for each of the struc-
tures under consideration. The most stable NC of
FePt IM are those shaped as cuboctahedra.

An increase in cluster stability with an increase
in their size is observed, as established experimen-
tally and by simulation.

The calculated dependences of the total energy
of nanoclusters on temperature for NC with differ-
ent structures and habits are shown in Fig. 4.

Transformations of NC morphology for three
different shapes (the major ones under consider-
ation) are presented in Fig. 5.

The sequences of stability change with an in-
crease in NC size under variation of cluster hab-
it and structure qualitatively correspond to those
shown in Fig. 3. With an increase in temperature,
cluster stability decreases because of gradual dis-
ordering shown in Fig. 5.

These data were used to evaluate the depen-
dences of melting points of FePt and FePt; IM
cubic clusters, which are most stable according to
calculation results and correspond to the phase di-
agram, and the dependencies are presented in Fig.
6. The shape of T, = f(D,,,) curve is typical for
these dependencies, obtained experimentally and
theoretically for many nanosized metal systems. In
our case, the curve tends to be saturated near siz-
es larger than 8 nm. Melting points are higher for
more stable (Fig. 3) cubic IM FePt clusters with
L1, structure; with an increase in NC size from 3 to
7.5 nm, the difference between melting points de-
creases, which is in inverse relation to the change
of NC stability within this size range and requires
additional consideration.

According to the phase diagram (Fig. 1), NC
corresponding to FePt and FePt; IM melt after
transformation into Al structure. Calculations
show (Fig. 3) that the stability of the clusters with
equiatomic composition with A1 structure is higher
than the stability of FePt; NC with the same struc-
ture and the same size. So, the difference in the
melting points of bulk samples of the correspond-
ing compositions (Fig. 1) from their NC (Fig. 6) is
larger within the whole size range of the crystal-
lites of FePt; composition.
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Fig. 4. Temperature dependences of the energy of nanoclusters of different size: cubic FePt with L1, structure (a),
icosahedral FePt with A1 structure (b), cubic FePt; with L1, structure (c), icosahedral FePt; with A1 structure (d).

(

Fig. 5. Stability of the nanoclusters of different sizes under heating: (a) — cuboctahedron, L1, structure; (b) —icosahedron;

(c) — cuboctahedron FePt;, L1, structure.
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Fig. 6. Melting points of FePt, FePt; nanoclusters.

4. Conclusion

Results described show that the particles small-
er than 2-3 nm, undetectable by X-ray diffraction
but observable by HR TEM, and play an essential
part in the phase transformations of nanostructured
FePt particles under heating with the formation of
particles in the highly ordered L1, structure with
unique magnetic properties, are the ordered clus-
ters of cubic shape with L1, and L1, structures cor-
responding to the phase diagram of FePt.
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