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Saturated magnetization (Bs) and glass forming ability (GFA) are two important attributes of soft mag-
netic metallic glasses (MGs), both of which are affected by the local short-range order in amorphous
structures. Based on the notion of free electron transfer, we propose a set of simple rules for the
calculation of Bs from the chemical composition of soft magnetic Fe-based alloys. Through the com-
parison of the experimentally measured B; and theoretically calculated Bs, we show that the soft mag-

netic Fe-based MGs can be generally categorized into two types: one has its GFA correlated positively
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with the ferromagnetic weakness and the other has its GFA correlated negatively with the ferromagnetic
weakness. Finally, the structural mechanisms behind these correlations are discussed.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Owing to their low energy waste, soft magnetic metallic glasses
(MGs) with excellent properties, such as high saturated magnetic
flux density (Bs), low coercivity (H¢) and high permeability (u), are
of great potential to be used in various electric devices, such as
transformers, reactors, motors, and mutual inductors, as a
replacement of traditional crystalline materials, like silicon steel
[1-3]. Further improvement of their magnetic properties has been
attracting tremendous research interest, motivating the continuing
search of MGs with larger Bs lower H. and u. Since 1980s, soft
magnetic amorphous and nanocrystalline alloys with hundreds of
compositions have been explored [2,4—6], which usually contain
various nonmagnetic metallic elements, such as Nb, Zr and Mo, and
even non-metallic elements, such as P and C. However, compared to
silicon steels (containing 6.5 mass% Si) with Bs~1.85 T, the Bs of most
of these alloys is low, which is generally lower than 1.7 T [7—9]. For
instance, the Fe735Si135BgNbsCu; alloy has a rather low B (~1.24 T).
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Recently, FeCuSiB [10] and FeSiBPCu [11] soft magnetic alloys with
nanocrystal precipitations were developed, exhibiting a high Bg
(>1.8 T) close to that of silicon steels.

In principle, B of an alloy arises from the magnetic moments of
its composing atoms. According to the well-known Slater-Pauling
curves [12], the compositionally dependent average magnetic
moment g of 3d-transitional-metal-based alloys can be attributed
to the unpaired electron spins. From the picture of the rigid-band
model [12], # may be simply written as (N;—N,) ug with N; the
up-spin valence electron number, N, the down-spin valence elec-
tron number and up the Bohr magnetron. Suppose that the total
valence electron number Z = N;+N;, one can thus obtain
= (2Ny — Z)-up for strongly magnetic alloys with the up-spin
band filled and the N; constant, which explains the downward
45° trend-line with in plot of the Slater—Pauling curves [12].
However, for weakly magnetic alloys with the up-spin band un-
filled, N; remains constant with alloying because the Fermi level
was considered to be pinned at the band gap of the spin-down
electrons. In this case, one obtains &= (Z—2N;)gug and this
equation simply explains the upward 45° trend line in the plot of
the Slater—Pauling curves [12]. Nevertheless, the later sophisti-
cated calculations and experiments suggested that the electron
bands are not really ‘rigid’ even for the simplest case [13]. The first
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major modification of the rigid-band picture came from the work of
Friedel [14], who recognized that, in mixtures of early and late
transition metals, the relatively repulsive d potential in the early
transition-metal solute creates a separate high-energy d band
containing precisely five virtual bound states above the Fermi level
per solute. This theory accounts for the non-45°-slope sub-
branches in the plot of the Slater-Pauling curves, mainly for the
Ni- and Co-based alloys. As for the alloys containing metalloid, the
constancy of Ngp 1, i. e., the number of spin-up sp electrons, and also
N, are also debated. For the possible variation of Ng,; and Nj,
different theories and models, such as the band-gap theory [15], the
charge transfer theory [16] and the generalized Slater-Pauling plot
[17], were proposed for crystalline and amorphous metallic alloys.
Parameter-free and self-consistent band calculations also indicated
the magnetic weakness of Fe- and Co-based amorphous alloys
mixed with early transitional metals, in which the up-spin d bands
are not always fully filled [18]. Single site theory, the theory of local
environment effects and the finite-temperature theory were pro-
posed to calculate the magnetization of amorphous alloys in a more
accurate manner [12,19]. Today, it is recognized that the deviation
from the Slater-Pauling curves originates from the variation of local
short-range structures; however, it is still far from being clear how
the local short-range structures could possibly influence the Bg
across various MGs [2,8].

On the other hand, glass forming ability (GFA) is an important
property of MGs describing their ability of restraining from crystal
nucleation for the corresponding undercooled liquids upon
quenching. Experiments and simulations revealed that GFA of MGs
is closely correlated with the local symmetry of atomic clusters
[20,21], the atomic- and cluster-level packing efficiency [22], the
density change upon crystallization [23] and even the density of
electronic energy states at the Fermi level [24]. Since both GFA and
B of MGs are related to the local atomic packing, it is intriguing to
examine whether and/or how GFA and Bs are connected with each
other. In this letter, we would first propose a simple model to
calculate the & of soft-magnetic MGs, in a similar spirit of the rigid-

band model [12], based on the transfer of free electrons from the
element with a high chemical potential or Fermi level (Eg) to that
with a lower chemical potential. This would serve as a reference
case, without considering the influence of the local short-range
structures, to be compared to the real experimental measure-
ments. Subsequently, we will show that the deviation of the
experimental Bs from the calculated results is indeed, either posi-
tively or negatively, correlated with the GFA as quantified by the
thermodynamic parameter Tz (Trg = Tg/T}, where Tg and Tj are the
glass transition temperature and the liquidus temperature respec-
tively). Our findings shed quantitative insight into the effect of local
atomic packing variation on the saturated magnetization in MGs
across different compositions, which could guide the design of soft-
magnetic MGs with controlled Bs and GFA.

2. Results and discussions
2.1. Simple rules of free electron transfer

From the perspective of valence electrons, at the contact of two
metals with different Ep, electrons are transferred from the high-Eg
metal to the low-Eg one till the E¢'s of the two are equal. If we as-
sume that such a picture of valence electron transfer is valid for Fe-
based alloys, we may calculate the magnetization of the alloys
based on the Ef of the constituent elements. The difference of the
number of the up-spin electrons N; (Ny = 5) and the down-spin
electrons N; (N; = 2.78) in the d band is known to be 2.22 for
ferromagnetic bcc iron, and we simply regard that the average
magnetic moment of Fe atoms fig, in a ferromagnetic Fe-based MG
is also 2.22 up according to the reported experimental data as
shown in Fig. 1(a) [5,16]. If the element M with a higher Eg is alloyed
into the alloy, part of its electrons will transfer into Fe till the Eg's of
Fe and the alloyed element are equal. As a result, N, increases and
Ik decreases and vice versa, as shown in Fig. 1(b). Meanwhile, the
filling of the energy band of M will also be changed due to the
transfer of electrons. Based on the above general consideration, the
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Fig. 1. (a) The change of the d band of Fe in the Fe-based alloy with the addition of Sn. (b)
column fitting image.)

The change of the d band of Fe in the Fe-based alloy with the addition of Cu. (A two-
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following scenarios are examined for the alloying of different types
of elements with the atomic concentration x.

(1) M is a non-ferromagnetic metal at room temperature (RT). If
the Er of M is larger than Fe, free electrons of M will be transferred
into Fe causing the reduction of fig,. Since usually only a small
amount of M is alloyed, we can reasonably suppose all the valence
electrons of M are transferred into Fe. In addition, the alloying of M
also dilutes the magnetic moments of iron in the alloy. As a result,
the average magnetic moment & of the alloy Fei.xMy can be
approximately calculated as = (1 — x)fig. + nx-ug, wWhere n is
negative and —n is the number of valance electrons per M atom.
Elements of this type include Al, Sc, Ti, V, Cr, Mn, Zn, Zr, Nb, Mo, Ta,
Sn, Bi and rare earth (RE) elements. Fig. 1(a) shows the d band
change of Fe with the alloying of Sn with a zero magnetic moment.
Similarly, if Er of M is smaller than bcc Fe, free electrons transfer
from Fe to M with alloying. We suppose all the holes of M in d band
will be filled considering the small concentration of M. In this case,
we also obtain I = (1 — X)fig, + nx-up for a Fe;_xMy alloy, where n is
positive and equals to the average number of holes in d band per M
atom. Cu, Pd, Au and other noble elements belong to this type.
Fig. 1(b) shows the d band change of Fe with the alloying of Cu
(Bcy=0). (2) M is ferromagnetic at RT with a non-zero @iy, in the
alloy. If M possesses a smaller Eg than Fe, we obtain = (1-X)tg,+
nxup + Xy-nxup= (1-x)lr.+ xup for a FejxMy alloy, where n is
positive and equals to the average number of holes in d band per M
atom. Elements like Co and Ni belong to this type. Evidently, the
result is the same for the alloying of a ferromagnetic metallic
element with Eg larger than Fe. (3) M is a metalloid element with Eg
different from that of Fe. For this case, we do not consider any
electron transfer between M and Fe because of the lack of a fully
established metallic bond. Note that this treatment is different from
the charge transfer theory for metal-metalloid alloys, in which & of
the alloy decreases by mx ug with m being the average number of
free electrons transferred from every M to iron [16]. The commonly
used B, C, Si and P are considered to be this kind of elements.
Furthermore, it can be demonstrated that the above rules set for
our calculation of & of the alloys without metalloids are equivalent
to those of the rigid-band model and the virtual-bound-state the-
ory of Friedel [12]. Now, we are at the position to analyze the
saturated magnetization of multicomponent Fe-based soft mag-
netic alloys without considering the local structure effect.

Fig. 2(a) and (b) show respectively the Er[25] and n of the typical
elements composing the soft-magnetic alloys. In the figures, the
elements transferring electrons to the matrix Fe element are
marked as “Donor”, and those accepting electrons from the matrix
are marked as “Acceptor”. With the data and the aforementioned
rules, we can calculate & for a variety of soft-magnetic alloys, which
are listed in Table 1 together with the experimentally measured B.
Here, Bs represents the density of magnetic dipoles in an alloy,
which can be expressed as Bs = Natius/Vm, where Na and Vi, denote
the Avogadro number and the molar volume of the alloy, respec-
tively. In theory, we can write fi= (Vin/Naug)Bs=(Vm/Vm,re)(Vin,Fe/
Naug)Bs, where Vi pe (=7.092 x 10~% m?) is the molar volume of bcc
iron. For the studied Fe-based soft magnetic alloys, the concen-
tration of Fe varies from ~50% to 100% with a low concentration of
nonmagnetic elements and thus, we may take Vi,/Vippe = 1 as an
approximation, which then leads to a simple correlation between
and B;:

— Vm Fe)
= ~— |B 1
. (NAMB ) )
If the electron transfer model is suitable for Fe-based alloys, the

calculated & and experimental Bs should lie on the grey dashed line
described by Eq. (1). Fig. 3 shows the plot of the calculated @ versus
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Fig. 2. (a) The Fermi energy Er of different elements. (b) The n of typical elements used
for the calculations. (A single column fitting image.)

experimental Bs, from which one can clearly see a strong correla-
tion between & and Bs (see the red dashed line). This behavior
suggests that electron transfer does play a role in the saturated
magnetization of various Fe-based alloys and our theoretical
model, albeit its simplicity, captures the major trend exhibited by
the experimental data. However, a departure from Eq. (1) (depicted
as the grey dashed line) is also noted in Fig. 3, especially for the Fe-
based MGs, which suggests the calculated @ and the corresponding
calculated saturated magnetization are larger that the experi-
mental values. Eq. (1) is suitable for the Fe-based nanocrystalline
and crystalline alloys with a high concentration of Fe (For the
convenience of discussions, the studied Fe-based alloys are divided
into ordinary Fe-, FeCo-, FeCoRE-, FeNi-, FeCoNi-based MGs, Fe-
based nanocrystalline and crystalline alloys according to the type
of the alloyed element and the structure of the alloy as listed in
Table 1). This phenomenon signals a plausible effect of local
structures for MGs which is not considered in our simple model.

2.2. Departure from the electron-transfer model and local structure

effect

Now, let us discuss the possible structural mechanisms for the
departure of the experimental data from the free electron rule, as
seen in Fig. 3. Based on the literature results [18], it is known that,
unlike ferromagnetic bcc Fe with T = 2.22 ug, Fe atoms are anti-
ferromagnetic if arranged in a closely packed configuration, such as
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Table 1
The experimental saturated magnetization Bs and calculated average magnetic
moment i for Fe-based MGs, nanocrystalline and crystalline alloys.

Composition Bs (T) (A m?)
Ordinary Fe-

Fe79P10C4B4Si3 [34] 1.53 1.75
Fe,sMo;P10CaBaSis [34] 1.44 1.67
Fe;sM0,P10C4BaSis [34] 1.39 1.59
Fe;6Mo3P10C4B4Sis [34] 1.32 1.50
Fe;sMoP10CaBaSis [34] 127 1.42
Fe74MosP19C4B4Sis3 [34] 1.14 1.34
Fe75MosP10C7.5Ba 5 [34] 1.10 1.36
Fe76C7.0Si3.3BsPs 7Mog [35] 1.52 1.68
Fe75C7,0Si33BsPg 7Moy [35] 141 1.60
FE73C7lgsi3'3B5P3.7MO3 [35] 1.30 1.44
Fe71C70Si33BsPg 7Mos [35] 1.10 1.27
(Feo.76510.096B0.084P0.06)100MO0g [26] 1.51 1.68
(Feo.76S10.096B0.084P0.06)osMO2 [26] 1.35 1.53
(Feo.76510.096B0.084P0.06)osMO4 [26] 1.10 1.50
(Feo.76510.096B0.084P0.06)9aM0g [26] 0.98 1.46
Fe;6M0,GaP10C4B4Si [40] 1.32 1.50
Fe74Mo04GasP10C4B4Si; [40] 1.16 1.34
Fe;5M0,GasP10C4B4Si; [40] 1.27 1.45
Fe,3M04GasP1oC4BaSi [40] 111 129
(Fe75B15Si10)ooNby [41] 1.50 1.60
(Feo.75B0.15Si0.10)98Nb2 [41] 147 1.53
(Feo.75B0.15Si0.10)96Nba [41] 1.40 1.40
(Feo.39Nio.39B0.16P0.06)ooNb1 [36] 0.80 1.04
(Feo.39Nio.39Bo.16P0.06)98.5ND1.5 [36] 0.77 1.01
(Feo.39Nio.39B0.16P0.06)osNb> [36] 0.75 0.98
(Feo.39Nio.39Bo.16P0.06)97.5Nb2.5 [36] 0.73 0.95
(Feo.39Nio 39B0.16P0.06)a7Nb3 [36] 0.71 0.92
(Feo.39Nio.39B0.16P0.06)9sNb4 [36] 0.66 0.86
Fe/3AlsGasPy;CsBy [42] 1.14 141
FE72A15632P10C5B4511 [40] 1.07 1.39
Fe74Al4Sn;P10Si4B4C; [43] 131 1.44
Fe4ALiSn,PeSisBCs [43] 137 1.44
Fe;5GasP12C4By [44] 127 1.51
Fe;7GasPg 5C4B4Sis 5 [45] 1.36 1.62
Fe78GasPo5C4BaSia s [45] 1.40 1.67
FegoPoCgBoSis [46] 1.55 1.77
FE7951’11P9C382511 [46] 1.51 1.71
Fe;gSn,PoCgB,Siy [46] 1.46 1.65
Fe,SnsPoCaBySi; [46] 1.42 1.59
FE7551]0B10CI‘2Y2 [33] 137 1.50
Fes4YsNbgB17 [47] 0.81 1.25
(Feo.74Tbo.01Bo.2Si0.05)96Nba [38] 1.14 1.35
(Feo.73Tbo.02B0.2Si0.05)9sNb4 [38] 1.01 1.30
(Feo.72Tbo,03B0.2Si0.05)9sNb4 [38] 0.92 1.25
(Feo.71Tbo.04Bo.2Si0.05)9sNba [38] 0.76 1.20
(Feo.70Tbo.05Bo.2Si0.05)96Nba [38] 0.69 1.15
(Feo.69Tbo.06B0.2Si0.05)9sNb4 [38] 0.61 1.10
(Feo.68Tbo.07B0.2Si0.05)9sNba [38] 0.52 1.05
FeCo-

Fes7.7C7.0Si3.3B5 5Pg 7Cr2.3M03 5Al, oCoq [48] 0.80 1.17
Fee3.7C7.0Si3.3Bs5.5Pg.7Cr2 3M03 5Al 0Cos [48] 0.85 1.15
[(Fe.9C00.1)0.75Bo.2S10.05]06Nb4 [49] 1.13 1.36
[(Feo8C00.2)0.75B0.2Si0.05]osNb4 [49] 1.05 1.32
[(Feo.7C00.3)0.75B0.2S10.05]osNb4 [49] 0.98 1.29
[(Fe.6C00.4)0.75Bo.2S10.05]06Nb4 [49] 0.93 1.25
[(Fe.5C00.5)0.75Bo.2510.05]06ND4 [49] 0.84 1.22
[(Coo.6Fe0.4)0.75B0.2S10.05]osNb4 [50] 0.97 1.18
[(Coo.7Fe03)0.75Bo.2Si0.05]96Nb4 [50] 0.91 1.14
[(Coo.sFeo.2)o.75Bo.2Si0.05]96Nb4 [50] 0.78 1.11
[(Coo.9Fe0.1)0.75B0.2Si0.05]osNb4 [50] 0.71 1.07
FeCoRE-

Fe2C0o,5Nd3DyosB2s [51] 141 143
Fegp.3C092Nd3Dyg 5B25Nb; [52] 1.15 1.29
Feg2C09 5Pr35Bas [51] 1.36 143
FegyC0g95Sm3 5Bys [51] 135 1.43
Feg2C095Gd35B25 [51] 1.41 1.43
Fes2C09.5Dy3 5B25 [51] 143 1.43
Feg2C09.5Tb3 5B25 [51] 1.36 1.43
Feg2C09.5Er3 5B2s [51] 138 1.43
FeNi-

FeaoNiaoP14Bs [53] 0.86 113
(FeaoNiaoP14Bs)osGas [54] 0.75 097

Table 1 (continued )

Composition Bs (T) (A m?)
Fe;6Mo03 5P10C4B4Siz 5 [39] 1.21 1.47
Fe1NisMos 5P10C4BaSias [39] 117 1.39
FEssNi10MO3,5P]0C4B4512_5 [39] 1.12 131
Feg1NizsMos sP10C4BaSiz s [39)] 1.03 123
FesgNizoM03 5P10C4BaSins [39] 093 115
FeCoNi-

FesgCo7NizZr10B2o [55] 0.96 1.00
FessCo7Ni;ZrgNbyBao [55] 0.75 0.98
FEG1CO7Ni7ZFng2B15 [55] 0.85 1.10
[(Fe.6C00.3Nio.1)0.75B0.2Si0.05]osNbaZry [56] 0.60 1.12
[(Feo.8C00.1Nig.1)0.75B0.2Si0.05]o6Nb4 [57] 1.10 124
[(Feo.6C00.1Nig.3)0.75B0.2Si0.05]06Nb4 [57] 0.80 1.01
[(Feq,6C00.2Nio2)0.75B0.2Si0.05]osND4 [57] 0.86 1.09
[(Feos Coo:3 Nio.1)o.75B0.2S10.05]06Nb4 [57] 0.90 1.17
Nanocrystalline

FEgg_sBu)CscuO_s [58] 1.74 1.86
FegsB10CeCuy [58] 1.78 185
Fegz/B10CeCuys [58] 1.83 185
Fegs7Cuy5B1ag [58] 1.82 1.87
Feg3 3SisBgP4Cug 7 [58] 1.88 1.85
Fegz.75Si4BsPaCuy 25 [59] 1.83 185
F833Si4B3P4CU1 [59] 1.82 1.85
FEgz_e5SingP5CU1_35 [60] 1.80 1.85
Feys.5Si13.5BoNbsCuy [60] 1.24 1.49
FeooZr7B5 [60] 1.70 1.75
Crystalline

Fe (bcc) [32] 2.20 2.22
Fe-3 mass% Si [59] 2.03 215
Fe-6.5 mass% Si [59] 1.85 2.07

face-centered-cubic (fcc) lattice, or magnetically weak with i< 0.5
up in an amorphous structure. According to the band gap theory of
strong ferromagnetism [15,18], the ferromagnetism of amorphous
Fe-based alloys is related to structural “impurities”, which strongly
suppress the state density peak at the top of the d band of neigh-
boring Fe atoms and thus results in a band gap above the Fermi
level. The states at the Fermi level accumulate, which induces
ferromagnetism when the state density at the Fermi level is raised
above the critical Stoner value [12]. As the band gap pins the Fermi
level of the up-spin d band and keeps N; as a constant, the number
of down-spin electrons N determines the ferromagnetism and the
alloy is strongly magnetic. It is obvious that our simple free electron
transfer model of magnetic MGs rests on the assumption of the
band gap theory and strong ferromagnetism of the alloys. Based on
Friedel's picture [14], the ferromagnetism strength is influenced by
two factors. One is the impurity concentration, the increase of
which leads to the smearing of the state density gap and thus af-
fects the pinning of the Fermi level of the up-spin d band electrons
[15]. The other is the distance of neighboring Fe atoms, which in-
fluences the interaction of Fe atoms [12]. The small interaction
strength of Fe atoms will diminish the energy difference of the
down-spin and up-spin electrons and make the Fermi level of the
down-spin band touches the top of the up-spin band. The N; is not
constant and the alloy become magnetically weak. Therefore, the
actual & of Fe-based MGs is different from that calculated with our
simple model could be due to the local structural effect as pointed
out by Friedel.

For most of the studied Fe-based MGs, the calculated fistays
above the grey dashed trend line and the deviation widens as the Fe
concentration decreases, as shown in Fig. 3 (the dashed red line).
The phenomenon that the calculated @ is larger than the actual
value is herein attributed to the magnetic weakness of the closed
packed Fe atoms in an amorphous structure, particularly with the
reduction of the Fe concentration [18]. The calculated u's of
(Feo.76510.096B0.084P0.0s)osM0o4  and  (Feg.76S10.096B0.084P0.06)94M0g
MGs lie far above the red dashed trend line (the circled data with
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Fig. 3. The calculated [ versus B; for the studied MGs. The grey dashed line represents
fi= (Vinre/Naus)Bs. The red dashed line is the guide for the eyes. (A single column fitting
image.). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

the label “1” in Fig. 3), which could be caused by the formation of
densely packed Fe local structures inducing the reduction of the
interaction of Fe atoms [26]. On the other hand, the & of
(Feg.75B0.15S10.10)96Nbg MG lies far below the red dashed trend line
(the circled data with the label “2” in Fig. 3), signaling an opposite
effect in the presence of a high concentration of small atoms (B, Si).
This could be associated with the small molar volume of the small
atoms. For the FeCoRE-based MGs, the calculated  is also close to
the experimental measurement. This may be due to the large
atomic radius of rare-earth (RE) element, the alloying of which
leads to the widening of the distance of neighboring Fe atoms and
thus a local packing configuration close to bcc a-Fe with strong
ferromagnetism [12].

FeCu-based nanocrystalline alloys are composed of almost pure
bcc Fe, almost Cu-free amorphous phase and Cu-rich clusters [11].
For the Cu-free Fe-based amorphous phase the spin-up energy
band gap of Fe cannot be smeared by the small concentration of
impurities. Both the Cu-free amorphous phase and bcc-Fe nano-
crystallites are magnetically strong. We regard that free electrons
can still transfer between bcc Fe, amorphous phase and Cu-rich
clusters in the FeCu-based alloys. Thus, the calculated @ is consis-
tent very well with the free electron rule for Cu alloyed Fe-based
nanocrystalline alloys with a high concentration of Fe, as shown
in Fig. 3 (the circled data with the label “3”). The free electron rule is
applicable for FegpZr7B3 nanocrystalline alloy and Fe-based crys-
talline alloys due to their strong magnetism.

2.3. Glass forming ability, saturated magnetization and local short-
range order

Based on the above discussions, it is clear that the difference
between the calculated 7 and the experimental measurement is
related to the local packing environment of ferromagnetic atoms
besides the smearing effect of the energy gap by impurities for
MGs. Since the glass forming ability (GFA) of MGs is also affected by
the local packing of solvent or solute atoms [20—22], we are now at
a position to assess the possible correlation between GFA and
saturated magnetism of the soft-magnetic MGs. Parameters like
ATy (AT = Tx—Tg, where Ty is the onset crystallization temperature
of the glass) [27], v [y = Tx/(Tg + T1)] [28] and a (a = Ty/Ty) [29] can
be used for describing the glass forming ability of liquids. For
simplicity, we here quantify the GFA of various MGs with the
reduced glass transition temperature T,z proposed early by Turn-
bull which is suitable and often used for Fe-based MGs [30]. Table 2

lists the T;g and Bs cal- Bs of the variety of soft magnetic MGs, where
Bs ca1 stands for the calculated saturated magnetization using Eq. (1)
(For the convenience of discussions, the studied Fe-based MGs are
divided into Mo1, Mo2, Mo3, Nb1, Nb2, Ga, Tb, Co and Ni systems
according to the alloyed element). Fig. 4 shows the plot of T;¢ versus
Bs cal- Bs for the variety of Fe-based soft-magnetic MGs, from which
it can be found that T;¢ decreases with the increase of B - Bs for
the Fe-based MG alloyed with Mo, Nb and Ga (Fig. 4(a)). This
phenomenon indicates that, in these particular Fe-based MGs, the
higher is the GFA the better does the ideal Friedel's picture fit the
experimental results and thus the stronger is the ferromagnetism.
In contrast, T, increases with the increase of Bs ca- Bs when the Fe-
based MG is alloyed with Tb or Co (Fig. 4(b)); furthermore, there
seems no correlation between Bscaj- Bs and Tz when the Fe-based
MG is alloyed with Ni (Fig. 4(c)). These behaviors could be ratio-
nalized from the perspective of exchange interacting strength of

Table 2
The calculated saturated magnetization Bgcai, Bscal — Bs and Ty for a series of Fe-
based MGs.

Composition Bs,cal (T) Bs,caI‘Bs (T) Trg
Mo [34]

Fe;9P10C4B4Si3 1.75 0.22 0.586
F€78MO1P10C4B4Si3 1.67 0.23 0.585
Fe;7Mo,P10C4B4Si3 1.58 0.19 0.587
Fe;6M03P10C4B4Sis 1.50 0.18 06
F€75MO4P10C4B4513 1.42 0.15 0.613
Fe;4MosP1oC4B4Si3 1.34 0.20 0.6
Mo2 [35]

F676C7_osi3_3B5P3.7M00 1.68 0.16 0.603
F€75C7_05i3_3B5P8_7M01 1.60 0.19 0.604
Fe73C7,0Si33BsPg 7Mos3 1.44 0.14 0.618
Fe71C70Si3 3BsPg7Mos 1.27 0.17 0.615
Mo3 [26]

(Feo.76S10.096B0.084P0.06)100M0g 1.68 0.17 0.571
(Feo.76510.006Bo.084P0.06)osM02 1.53 0.18 0.572
(Feo.76Si0.006B0.084P0.06)96M04 1.49 0.39 0.56
(Feojesi0_096B0_034P0_05)94M05 1.46 0.48 0.538
Nb1 [41]

(Fe75B15Si10)99Nbq 1.59 0.09 0.56
(Fe75B15$i10)gng2 1.53 0.06 0.57
(Fe75B15Si10)o6Nb4 1.39 —0.01 0.61
Nb2 [36]

(Feo.39Nio.39B0.16P0.06)os.5sND1.5 1.01 0.24 0.543
(Feo.390Nio.30Bo.16P0.06)osNb2 0.98 0.23 0.555
(Feo39Nio 39B0.16P0.06)97.5Nb2.5 0.95 0.22 0.581
(Feo.390Nio.30Bo.16P0.06)osND4 0.86 0.20 0.57
Ga [45]

Fe77Ga3P9_5C4B4Siz_5 1.61 0.25 0.6
FessGasPo,sC4BaSins 1.67 027 059
Tb [38]

(Feo.74Tbo.01Bo.2Si0.05)96Nb4 134 0.20 0.573
(Feo.73Tb0.02B0.2Si0.05)96Nb4 1.29 0.28 0.586
(Feo.72Tbg.03B0.2Si0.05)96Nb4 1.24 0.32 0.605
(Feo.71Tbo,04Bo.2Si0.05)96Nb4 1.19 043 0.622
(Feo.70Tbo.05Bo.2Si0.05)96Nb4 1.14 0.45 0.67
(Feo.69Tbo.06Bo.2Si0.05)o6Nb4 1.09 0.48 0.675
(Feo.68Tbo.07B0.2Si0.05)96NbD4 1.04 0.52 0.667
Co [49]

[(Fe.9C00.1)0.75B0.2Si0.05]o6Nb4 1.36 0.23 0.57
[(Feo.8C00.2)0.75B0.2Si0.05]06ND4 132 0.27 0.58
[(FEO_7C003 )0_75B0_25i0_05]96Nb4 1.28 0.30 0.586
[(Feo.6C00.4)0.75B0.2Si0.05]06Nb4 1.25 0.32 0.586
[(Feo.5C00.5)0.75B0.2Si0.05]06ND4 1.21 0.37 0.587
Ni [39]

Fe75M03_5P10C4B4Si2_5 1.47 0.26 0.56
Fe;1NisMos 5P10C4B4Siz 5 1.39 0.22 0.561
FeggNiijoMo3 5P19C4B4Sis 5 131 0.19 0.536
F651Ni15M03_5P10C4B4Siz_5 1.23 0.20 0.522
FesgNizoMO03 5P10C4B4Siz 5 1.15 0.22 0.507
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Fig. 4. The Tz versus Bs ¢, — B for (a) Mo1, Mo2, Mo3, Nb1, Nb2, Ga Fe-based MGs; (b)
Tb, Co Fe-based MGs; (c) Ni Fe-based MGs. (A single column fitting image.)

ferromagnetic atoms, which suggests the crucial role of atomic
packing for both saturated magnetization and GFA, as discussed in
the following text.

As shown in the top panel of Fig. 5, the exchange interacting
strength Iex of Fe atoms in an alloy is determined by the ratio ryp/rg,
where 1y, and rq stand for the interatomic distance between
neighboring Fe atoms and the radius of d-orbit of Fe, respectively
[31]. In crystalline a-Fe, the ratio rqp/ry is known to be smaller than
the optimal value for the largest I.x. This ratio becomes even
smaller in the densely packed amorphous Fe, thereby resulting in
the small Iex or magnetic weakness according to the Stoner model

A
I Ferromagnetism
Fe Ni
Co RE
44y
Optimal rab/rd
© Fe
GFA GFA © Added element
______________ P e

Local structural evolution £
8% -——-> OB € ————————————-. faeos
) > ~ (°C<

A: densely packed B: special cluster C: densely packed

Fig. 5. Top: the ry,/rq dependent exchange strength I.x for Fe, Co, Ni and rare earth
elements. Bottom: The evolution of the local structure with the change of the
composition. (A two-column fitting image.)

[32]. When nonmagnetic elements are alloyed into the amorphous
Fe, rqp can change due to the local structural packing around the Fe
atoms, as shown in the bottom panel of Fig. 5. If the alloying brings
about solute-centered short-range order, as illustrated in Fig. 5, and
thus locally increases the ratio rgp/rq, which becomes closer to the
optimal value for the maximized ¢y, the ferromagnetism should be
strengthened in the MG, as reflected by the decrease of Bscal- Bs.
Furthermore, if such short-range order behaves as a “glass stabi-
lizer”, just like the icosahedra short-range order to Zr-based MGs
[33], GFA can be also improved via the formation of such short-
range order. As a result, GFA increases with ferromagnetic
strength as the solvent Fe atoms become more separated around
the solute-centered clusters (marked as the green dashed circle in
Fig. 5) [20—22]. Following this line of reasoning, the simultaneous
increase of GFA and ferromagnetism in the Fe-based MGs alloyed
with Mo, Nb and Ga as shown in Fig. 4(a) suggests that the solute-
centered clusters must act as both “glass stabilizers” and “solvent
separators”.

Different from the cases of alloying Mo, Nb and Ga, T, increases
with Bsc,- Bs if the Fe-based MG is alloyed of Tb and Co. This in-
dicates that the GFA of these alloys reduces as their ferromagnetic
strength increases. As shown in the up panel of Fig. 5, the ratio rgp/rg
of Tb, Co and Ni is larger than the optimum value for the largest lex
in a densely packed structure [31]. When the alloying element Tb or
Co forms glass-stabilizing solute-centered clusters, which imparts
the MG with the best GFA, the neighboring distance of Th and Co
atoms is enlarged. Consequently, the e, of the alloying elements is
reduced, which leads to the increase of B c,1- Bs, i. €., the increase of
magnetic weakness. Following this line of reasoning, the lack of
correlation between B, - Bs and Ty for the Fe-based MG alloyed
with less than 20% Ni is probably due to a competition between the
two mechanisms aforementioned, i. e., the changes of the neigh-
boring Ni atomic distance and the neighboring Fe distance.

To further justify the above opinions, it is worth noting that the
competing primary crystalline phases of the Mo1, Mo2 systems are
both fcc (Fe,Mo),3(B,C)s phase with a lattice parameter larger than
1 nm including 116 atoms in the unit cell [34,35]. The primary
crystalline phase in the Nb2 system is (Fe,Ni,Nb),3Bg which also has
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a fcc Fe3Bg type structure with the replacement of Fe by Ni and Nb
[36,37]. The precipitation phases for the Tb system annealed at
1023 K are Fe;3Bg and ThyFe14B phases [38]. The XRD pattern of the
Ni system annealed at 768 K for 1800 s indicates the coexistence of
a-Mn type phases and (Fe,Ni,Mo)3(B,C)s phase [39]. These results
support that the GFA of these MGs are associated with the existence
of the densely packed clusters containing the solute element and
the solvent element.

3. Conclusions

To conclude, we propose a set of simple rules in this work for the
calculation of & of different soft magnetic Fe-based alloys based on
the idea that free electrons can transfer between the metallic ele-
ments with different Eg, thus change the & and Bs of the Fe-based
alloys. Given Bs = Nafiug/Vm, small atoms are beneficial for Bs as
they can significantly reduce the alloy's molar volume Vp,. This may
explain the common practice that small atoms, like Si, B, and high-
Er atoms, like Co, Ni, Cu, are usually alloyed into the Fe-based alloys
to enhance Bs. Furthermore, we found that the departure of B
calculated from our simple rules can be attributed to the intrinsic
magnetic weakness associated with local atomic packing in the
amorphous structure. Based on the data reported in the literature, it
can be inferred that large-sized alloying atoms which could sepa-
rate neighboring Fe atoms to a greater distance can reduce the
ferromagnetic weakness of the Fe-based MG. Interestingly, such a
departure can be correlated, either positively or negatively, with
the GFA of the Fe-based soft magnetic MG, therefore implicative of
an inherent connection of B; and GFA originating from the local
short-range structure in the Fe-based MGs.
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