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We performed the coupled molecular-dynamics and spin dynamics simulations to investigate the magnetic annealing
effect on the crystallization behavior of Fe metallic glasses (MGs). By calculating the local five-fold symmetry, Voronoi
polyhedron, and bond orientational order parameters, we find a significant structural evolution at high-frequency magnetic
annealing: the icosahedral order diminishes, and the crystalline-like order is enhanced, comparing to the case without
magnetic field. The fraction of the body-centered cubic structures remarkably increases with the frequency of magnetic
annealing, and the atoms of these order show a tendency of aggregating in space to form the crystalline nuclei. These
findings unveil how the local structure evolves under magnetic annealing, and the accelerated crystallization process of

MGs through alternating magnetic fields.
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1. Introduction

Soft magnetic materials have wide applications in elec-
tric motors, transformers, radio electronic industry and so on.
These typical materials include silicon steels (Fe—Si), permal-
loys (Fe—Ni), Hipperco 50 alloy (Fe—Co), metallic glasses
and nanocrystalline composites.!!! Due to the nanoscale re-
finement of magnetic phase grain, nanocrystalline compos-
ites often exhibit superior performance characteristics, such as
higher saturation magnetic field density, enhanced permeabil-
ity, favorable high-frequency response, reduced energy losses,
and improved thermal stability.!?) These exceptional proper-
ties endow them with strong competitive advantages, leading
to widespread applications in magnetic cores for ground fault
interrupters, common mode chokes and high frequency trans-
formers.

One of the most common methods for producing a
nanocrystalline alloy is by heating an amorphous precur-
sor to induce crystallization and precipitate the nanocrys-
talline phase.l’) Amorphous alloys are usually produced as
ribbons by rapid melt quenching onto a fast-moving sub-
strate. Under subsequent treatment (heat treatment, deforma-
tion, laser treatment,! ultrasonic treatment, ! etc.), a com-
bined amorphous-crystalline structure can be formed.!®! For
nanocrystals to be formed under crystallization, the process of
crystallization must occur at a high rate of crystal nucleation
and a low rate of crystal growth. From the perspective of ther-
modynamics, the transition from the amorphous phase to the
nanocrystalline phase needs to overcome the energy barrier,
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which is affected by the external field.!”!

Considering the influence of pressure on nucleation ther-
modynamic barrier and phase transition, low-pressure stress
annealing is a potential crystallization method for promot-
ing crystallization, reducing the activation free energy re-
quired to form the crystal nucleus and decreasing the growth
rate of nano-grains.!®! However, the unidirectional stress field
causes anisotropic growth of nano-grains limiting the over-
all improvement of magnetic properties. Aiming to promote
the nucleation rate of nanocrystals and decrease the growth
rate of grains, the way of hot isostatic pressing (HIP)°! and
transverse or longitudinal magnetic annealing!!%!!" proposed
not only satisfy the requirements of the nano-grains but also
optimize the soft magnetic properties simultaneously. Com-
pared with HIP, magnetic field annealing not only promotes
the formation of ordered structures but also reduces the un-

[12

expected field-induced magnetic anisotropy,!!?! inducing uni-

[13

axial magnetic anisotropy,!!3! especially under an alternating

[14] In particular, rotating magnetic annealing

magnetic fields.
can even induce a critical-state amorphous structure, man-
ifested as 1 nm-sized crystal-like orders sparsely dispersed
in the amorphous systems,!3! enhancing the ferromagnetic
exchange interactions!!®! and improving the soft magnetic
properties. ']

The effects of glass composition and parameters of the
crystallization process on the resulting structures!'®!°1 and
magnetic properties were frequently studied in order to en-

able the preparation of magnetic materials with properties tai-
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lored for the respective application.??! Thus, investigating the
crystallization behavior of MG in different heat treatments is
enlightening in obtaining the MG’s phase compositions, mi-
crostructures and functional properties. [>!]

Although the effect of the field annealing has been exten-
sively studied on the properties of MGs, the consequence of
the external magnetic field on the atomic-level structure is still
unclear. Further in-depth studies are needed to understand the
atomic structure change and their influence on crystallization
behavior of amorphous alloys.

In this work, we explored the atomic structure evolution
after magnetic field annealing with different parameters by the
coupled molecular-dynamics and spin dynamics (MD-SDs)
simulations on a pure-iron MGs system. The MD-SDs simula-
tions constitute a classical magnetic spin modeling framework
that incorporates classical spin vectors for individual magnetic
moments alongside conventional positional and momentum
coordinates. Considering a direct ferromagnetic exchange and
interatomic potentials (IAPs) based on the first-principles cal-
culations for magnetic iron to describe the magnetic proper-
ties. Based on this methodology, we constructed a model to
simulate the effect of magnetic annealing on the crystalliza-
tion behavior of MGs and clarified the structural evolution un-
der the magnetic field.

2. Simulation details

We utilized the spin-lattice dynamics embedded in
the large-scale atomic/molecular massively parallel simu-
lator (LAMMPS)!??! through the symplectic and scalable

23241 which can be applied to describe the atomic

algorithm,[
spins in magnetic crystals from the ferromagnetic limit to the
paramagnetic limit. In the system of magnetic spin interaction,

the Hamiltonian can be written as

) N
H(r;,pi, i) :Hmag(riasi)+z p,‘ + Z V(rj), (1)

where r;, p;, s; and designate the atomic position, atomic mo-
mentum, the normalized magnetic moment, and the mass of
atom i, respectively. r; ; = r; — p;, is the interatomic distance
between these two particles. is a mechanical potential. Hyag
is the interatomic magnetic energy, and can be written as

N
Hinag = — Y J(rij)[si-s;— 1], )
i]

where J(7;;) is the function defining the magnetic exchange in-

teraction from neighboring shells, approximately fictionalized

in the Bethe—Slater curve: (!

o= [ ()]
X exp {f%] O(R. —rij), (3)

where @ (R — r;;) is the Heaviside step function and R. is the
distance cutoff. Parameters a, b, and d are 25.498 meV, 0.281,
and 1.999 A respectively, based on the values for BCC iron. %%
Spin dynamics simulations are implemented within the micro-
canonical (NVE) ensemble, where the number of particles,

27281 The tempera-

volume, and total energy are conserved.!
ture of kinetics and spin dynamics are controlled via Langevin
dynamics separately. Spin temperature is scaled to ensure that
the magnetization at different temperatures coincides with that

of the experiments in the crystals [Fig. 1(a)].
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Fig. 1. (a) Variation of magnetization intensity in simulations with temper-
ature for amorphous and BCC Fe. The fulfilled triangles are the experimen-
tal data for BCC irons.?*3% The value at the inflection point is the Curie
temperature. (b) Variation of simulated box volume with temperature for
amorphous Fe during the cooling process.

In addition to the magnetic spin interactions, the mechan-
ical interactions among atoms are described by the embedded
atomic potential (EAM) method,** which not only fits the ex-
perimental parameters but also takes into account the results
of first-principles calculations. The potential can accurately
predict the lattice properties, surface energies and point defect
energies for both BCC and the high temperature FCC phases
of the metal.

The molecular dynamics system comprises 6000 atoms
with periodic boundary conditions applied along all dimen-
sions and an integration time step of 1 fs. Initial configura-
tions were equilibrated at 2000 K followed by rapid quench-
ing to 300 K at a cooling rate of 1.0 x 10'® K/s. The magnetic
property of the amorphous Fe shows a close behavior with that
of the crystalline Fe [Fig. 1(a)]. The glass transition temper-
ature can be measured from the change in the volume of the
simulated box with temperature [Fig. 1(b)].

The isothermal magnetic annealing process was simu-
lated by providing a 1-T external magnetic field to amorphous
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Fe, with a periodic reversal (1) of the field direction between
the positive Z-axis and negative Z-axis. Four alternating field
periods (i.e., T, = 2 ps, 4 ps, 8 ps, and 20 ps) were inves-
tigated along with the zero-field annealing (ZFA) condition.
All magnetic treatments were maintained for 1000 ps to en-
sure structural relaxation convergence. Specimens annealed at
500 K were selected for comparative analysis.

3. Results and discussion

The variation of the potential energy per atom under
the applied magnetic field with different periods is shown
in Fig. 2. The decay of this energy correlates with the
glass-forming ability, which is the key indicator of the crys-
tallization process. Generally, amorphous structures exhibit
higher energy states compared to the metastable crystalline

1351 The energy elevation induced by the transi-

counterparts.
tion of the crystalline lattice from a thermodynamically sta-
ble configuration to a high-energy metastable state during the
amorphization process, has been reported by molecular dy-
namics and first-principles calculations.*®! The crystallization
process in magnetic systems can be monitored through poten-
tial energy variations under applied magnetic fields. A dis-
continuous shift in the potential energy profile typically indi-
cates a first-order phase transition from amorphous to crys-
talline configuration, corresponding to structural reorganiza-
tion at atomic scales. As is shown in Fig. 2, a noticeable reduc-
tion of the potential energies with 7, decreasing is observed.
The smaller 7, has a stronger magnetic effect on the crystal-
lization behavior. A stronger magnetic annealing can make the
faster crystallization rate.
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Fig. 2. The variation of potential energy with time for the different applied
periodic magnetic fields.

To understand the change in the crystallization behavior,
especially to explain the effect of magnetic annealing on the
crystallization behavior of Fe MGs, we resort to the micro-
scopic structure change induced by magnetic annealing. Fig-
ure 3 shows the results of the structural analysis for different
periods of external magnetic fields. The structural indicator,
local five-fold symmetry (LFES), is an effective structural in-

dicator to characterize the local structural feature of MGs.37]

The LFFS is defined as the fraction of the 5-edged faces in the
Voronoi polyhedron,*® i.e., ds = ns/ ¥ n;. For clusters with
icosahedral (ICO) symmetry, which is the main local atomic
structure in MGs, (391 ds is close to 1, whereas for clusters with
crystalline symmetry (in which triple or quadruple symmetry
dominates), ds is close to 0. The general structural feature of
MG samples can be quantified by the average LFFS, ds, over
all the atoms. The results were shown in Fig. 3(a), in which the
average LFFS exhibits approximately an upward trend with 7,
increasing. An increase of implies a more stable ICO order
formed, whereas a decrease of indicates a more crystalline-
like order formed.*?! This indicates that the number of clus-
ters of more crystal-like symmetry increases upon magnetic
annealing, relative to that in the ZFA samples. The popula-
tion of crystalline-like clusters is the highest in the strongest
magnetic annealing case (T, = 2 ps).

0.37f (a) Average FFLS 3.3 (b) Voronoi polyhedron
0.35 32 ‘
0.33 o 3.1 |

e 0.31 3.0
0.29 29
0.27 2.8 ‘
0.36f (¢), BOOQ, 13.55 1(d) Coordination number
0.34 13.52 [

o032 N 1349 [
0.30 13.46 I ‘
0.28 ﬂ 13.43

2 4 8 20 ZFA 2 4 8 20 ZFA
Period (ps) Period (ps)

Fig. 3. The local structural evolution with 7}, at 500 K, with (a) the average
LFFS (ds), (b) the Voronoi entropy (S), (c) the average Qg value of bond ori-
entational order (BOO), and (d) the average coordination number (Z) under
different applied magnetic fields. The error bars come from the statistics of
five independent samples.

To measure the local structural diversity or the disorder-
ing extent in the MGs, we calculated the structural entropy
or Shannon entropy. The local configurational entropy can be
calculated from the fraction of Voronoi polyhedron (P):[4]

S=—

N
Filogh:. “

i=1

When § = 0, the system is in the most ordered structure con-
figuration. The higher the value of §, the more disordered the
system is. Figure 3(b) shows the evolution of the calculated
structural entropy in different periods of alternating magnetic
fields. A monotonic evolution is observed: the structural en-
tropy increases with the increasing period, and a maximum
emerges at ZFA. Thus, the structure is more ordered in the
samples of strong magnetic fields. The change of the LFFS
and S is consistent with the change of potential energy with
alternating magnetic fields as shown in Fig. 2. This indicates
that LFFS and Voronoi entropy can well characterize the de-
gree of crystallization behavior.

We also calculated the coarse-grained order parameter,
Qg, in bond orientational order (BOO) and the coordination
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number (see Figs. 3(c) and 3(d)). Qg is an important parame-
ter describing the local structural symmetry,[*?! which can be
used to separate atoms in the crystalline phase or the amor-
phous phase. It is calculated from the coordination projection
of the neighboring atoms defined by the Voronoi tessellation
onto the spherical harmonic functions, 3! as given in the fol-
lowing equation:

4r
13 -

Y £iYg(6(r)))

N;+1 ’ ©)

Q6(i) =

where N; is the number of the nearest neighbors of atom i, and
Y (6(rij)) is the spherical harmonic with only considering the
polar angles. f; is the fraction of Voronoi polyhedral face area
between i and j atoms over the overall face area. For clusters
of crystalline orders, e.g., the hexagonal close-packed and the
face-centered cubic structures, Qg is larger than 0.4; for clus-
ters of liquid state, Qg is relatively smaller, about 0.16.144 The
atoms with Qg larger than 0.25 are considered to be potentially
pre-orders in liquids (with crystalline-like symmetry).[*3] The
average value of Qg, Qg, can be used to reflect the general
structural over all the atoms. As shown in Fig. 3(c), the Q¢ pa-
rameter shows a tendency of decrease with 7, increasing. The
highest Q¢ values at T, = 2 ps verifies that the crystallization
rate is the fastest and the local structure is the most crystalline
like in the sample of the strongest magnetic annealing effect.

A consistent phenomenon can be observed from the re-
sults of the coordination number (see Fig. 3(d)), which is
defined as the number of the nearest neighboring atoms in
Voronoi polyhedra.[®8 Crystalline structures exhibit statisti-
cally higher coordination numbers due to the close packing,
whereas the amorphous structures display relatively smaller
coordination numbers. The smaller coordination numbers in
amorphous materials can be ascribed to the broken transla-
tional symmetry.[¢ It can be found that with the decreasing
period of the magnetic annealing, the coordination number in-
creases, meaning the faster crystallization behavior.

These structural parameters provide the specific structure
information of metallic glasses. To check the dependence
of crystallization behavior on the magnetic fields, we alter-
natively analyze the crystalline order through the bond ori-
entational order parameters,*>*’! from which the local clus-
ters of a different order, e.g., the ICO order, hexagonal close
packed (HCP) order, face-centered cubic (FCC) order, and
body-centered cubic (BCC) order can be identified.[*+*8] Fig-
ure 4 shows that the melts basically crystallized in all the sam-
ples, with the shorter period magnetic annealing significantly
facilitating the formation of the crystalline structure, i.e., HCP,
FCC, and BCC structures.
gradually disappear as the period decreases.

Concomitantly, the ICO orders
This is consis-
tent with the results of the local structure analysis shown in
Fig. 3.

1.0 T
1 BCC
0.8 [ FCC
| HCP
— (0]
= 0.6 L 3 Other
=}
2
£ 04
0.2
0
2 4 8 20 ZFA

Period (ps)
Fig. 4. Fraction of ICO, HCP, FCC, BCC, and disordered structures in the
samples quenched to 500 K with different magnetic annealing 7j,.

To compare the crystallization between different mag-
netic annealing, we visualized the atoms those are of the
coarse-grained order parameter Qg more than 0.45 (shown in
Fig. 5). As discussed before, the parameter of Qg can dis-
tinguish the crystalline-like and icosahedral-like orders. We
found that the number of the visualized atoms approximately
increases with the intensity of the magnetic field, i.e., 544,
592, 773, and 1335 atoms selected in case of ZFA, T, = 8 ps,

=4 ps, and T,
atoms show a tendency of aggregation in space and are of the

=2 ps samples, respectively. These selected

BCC ordering, which indicates the crystal nucleation of the
amorphous matrix. This, exactly, corresponds to the crystal-
lized clusters found in Fig. 4. These results show that mag-
netic annealing plays an important role on the crystallization
behavior in amorphous.

(a) ZFA

(b) Tp: 2ps

(c)T =4ps

». gt; o)

- o
g\a
g

@g‘ 3 0

Q '0.54

T |
aad 0.45

Fig. 5. Snapshot of atoms with the coarse-grained order parameter Qg larger
than 0.45 at T = 500 K with (a) ZFA, (b) T, = 2 ps, (c) T, = 4 ps, and
(d) T, = 8 ps. The atoms are colored according to the value of Qg.

4. Conclusion

In this work, we performed classical molecular-dynamics
simulations to investigate the magnetic annealing effect on the
crystallization behavior of Fe MGs and the associated struc-
tural evolution. The model can well capture the magnetic
property of Fe metals in the isobaric ensemble. An alternating
magnetic field is applied on the Fe MGs with different alternat-
ing periodicity or frequency. The results show that magnetic
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annealing can enhance the kinetic process of crystallization.
With increasing the magnetic frequency, the crystallization be-
havior becomes faster. The local structure is measured by the
local five-fold symmetry, Voronoi entropy, the coarse-grained
order parameter (g, and coordination numbers. These struc-
tural parameters show a monotonic behavior: the FFLS and
structural entropy decrease with magnetic frequency, while
Q¢ and coordination numbers increase, both indicating an en-
hancement of the translational order, or the crystalline-like or-
der. Consistently, the results of the bond orientational order
show that more crystalline structure is formed with shorter pe-
riod magnetic annealing, for which the magnetic annealing ef-
fect is also stronger. The number of atoms that of crystalline
order increases with magnetic frequency, and these atoms ag-
gregates in space to form the crystalline nuclei. These results
unveil the crystallization behavior tuned by magnetic anneal-
ing, and are helpful in understanding the mechanism of the
structural evolution under magnetic fields.
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