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The magnetic properties of the glassy Fe-(Al, Ga)-(P, C, B, Si, Ge) alloys have been compared with those of the conventional Fe-based
amorphous alloys to clarify the feature of the glassy alloys as a soft magnetic material. The glassy Fe-(Al, Ga)-(P, C, B, Si, Ge) alloys exhibit
lower saturation magnetization (Js) than that of the conventional Fe-(B, Si, C) amorphous alloys with the same Fe content. The glassy alloys also
have larger saturation magnetostriction constant (�s) than that of the conventional Fe-based amorphous alloys with the same Js. However, the
glassy alloys tend to show relatively low coercivity (Hc) whereas �s is large. The theoretical analysis on the basis of domain-wall movement
suggests that the low Hc originates from the much higher packing density of the glassy alloys than that of the conventional amorphous alloys,
which realizes the low density of the quasi-dislocation dipole-type elastic stress sources or the low pinning force due to the elastic stress. The
good combination of high glass-forming ability and good soft magnetic properties (especially low Hc) indicates the possibility of future
development as new low loss material.
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1. Introduction

Since the first success of preparing an amorphous phase in
the Au-Si system by rapid solidification in 1960,1) a great
number of scientific and engineering data for amorphous
have been accumulated up to date. As a result, it has been
clarified that amorphous alloys have the features of new alloy
compositions and new atomic configurations which are
different from those for crystalline alloys. These features
enable the appearance of various kinds of characteristics such
as good mechanical properties, useful physical properties and
unique chemical properties2,3) which have not been obtained
for conventional crystalline alloys.

During the last 15 years, it has been reported that a number
of amorphous alloys in Mg-,4) lanthanide (Ln)-,5) Zr-,6,7) Pd-
Cu-,8) and Ti-9) based systems exhibit a wide supercooled
liquid region (�Tx = crystallization temperature (Tx)� glass
transition temperature (Tg)) exceeding 50K before crystal-
lization. The appearance of the wide supercooled liquid
region implies that the alloys have high resistance against
crystallization. Consequently, these bulk glassy alloys with
large �Tx values have been confirmed to have an extremely
large glass-forming ability, which enables the production of
bulk glassy samples. These bulk glassy alloys have so unique
properties that they will be expected to be very useful
materials for industrial use. Practically, the Zr-based glassy
alloy has been used as a high specific-strength material.

Recently, some kinds of soft magnetic glassy alloys with
large�Tx combined with good soft magnetic properties have
been synthesized in Fe-(Al, Ga)-(P, C, B, Si, Ge)10–21) and Fe-
(Co, Ni)-(Zr, Nb, Ta, Mo, W)-B systems.22–24) The Fe-(Al,
Ga)-(P, C, B, Si, Ge) glassy alloys have wide �Tx of about
50K and their maximum thickness to form a single glassy
phase is about 220 mm prepared by the single-roller melt-
spinning method.15) It is interesting that the Fe-(Al, Ga)-(P,
C, B, Si, Ge) glassy alloys exhibit good soft magnetic
properties, whereas their saturation magnetostriction con-

stant (�s) is relatively large.
In this paper, we compare the magnetic properties of the

Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy alloys with those of the
conventional Fe-based amorphous alloys, and clarify the
feature of the glassy alloys as a soft magnetic material. The
origin of low coercivity (Hc) of the Fe-(Al, Ga)-(P, C, B, Si,
Ge) glassy alloys is discussed.

2. Magnetic Properties of Glassy Fe-(Al, Ga)-(P, C, B,
Si, Ge) Alloys Compared with those of Conventional
Amorphous Alloys

Table 1 shows the magnetic properties,�Tx and maximum
sample thickness (tmax) for glass formation by single-roller
melt-spinning technique of the Fe-(Al, Ga)-(P, C, B, Si, Ge)
glassy alloys.13–16,18) Here, Hc, �s, saturation magnetization
(Js) and �Tx are the values for the melt-spun ribbons whose
thickness of 20–35 mm. Table 2 shows the magnetic proper-
ties of the conventional Fe-(Co, Ni, Al, Ga)-(B, Si, C, P)
amorphous alloys.25–36) The data ofHc in Tables 1 and 2 show
the values after annealing with no-magnetic field. SinceHc of
the (Fe, Ni)- or (Fe, Co)-based amorphous alloys strongly
depend on induced magnetic anisotropies, only Js and �s are
discussed here.

Figure 1 shows Js as a function of Fe content for the Fe-
(Al, Ga)-(P, C, B, Si, Ge) glassy alloys and the conventional
amorphous alloys. The Js values of the glassy alloys are
lower than those of the amorphous Fe-(Co, Ni, Ga)-B alloys,
and are distributed around the values for the Fe-Al-P-C
alloys. All the glassy alloys listed in Table 1 contain P about
10 at%. It has been reported that the replacement of B by P
for the conventional Fe-B amorphous alloys considerably
decreases Js.

37) This implies that to obtain the high Js
comparable to that of the amorphous Fe-(B, Si, C) alloys is
difficult for the glassy alloys contain a large amount of P.

It is well-known that �s values of Fe-based conventional
amorphous alloys are proportional to Js

2.31,38) Figure 2 shows
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�s for the glassy alloys and the conventional amorphous
alloys as a function of Js

2. The saturation magnetostriction
constants of both the systems are nearly proportional to Js

2.
The Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy alloys exhibit higher
�s compared with that of the conventional amorphous alloys
with the same Js. Especially, the Si or Ge contain alloys (G1,
G2, G6-G9) exhibit rather large �s. It has been reported that
the replacement of B by Si for the conventional Fe-B
amorphous alloys increases �s.

39,40) As well as the conven-
tional amorphous alloys, it is considered that the addition of
Si or Ge, which belongs to the same IVb group as Si, to the
glassy alloys increases �s.

Table 2 Coercivity (Hc), saturation magnetostriction constant (�s) and

saturation magnetization (Js) of conventional amorphous alloys prepared

by melt-spinning technique (thickness of 20–35mm).

Hc/A�m�1 �s/10
�6 Js/T Ref.

Fe78B22 4.7 35 1.55* 25, 26

Fe80B20 5.2 35 1.58 25, 26, 27

Fe82B18 3.9 33 1.59* 25, 26

Fe84B16 4.3 33 1.56* 25, 26

Fe84B16 3.6 32 1.53* 25, 26

Fe78B13Si9 2.4 27 1.56 28

Fe81B17Si2 4.0 30 1.61 29

Fe81B13:5Si3:5C2 3.2 30 1.61 28

Fe80P13C7 4.8 30 1.42 27, 30, 31

Fe80P16C3B1 4.0 29 1.71 32, 33

Fe70Co10B20 35 1.65 34, 35

Fe60Co20B20 24 1.64 34, 35

Fe50Co30B20 24 1.57 34, 35

Fe40Co40B20 20 1.5 34, 35

Fe70Ni10B20 28 1.55 27, 35

Fe60Ni20B20 24 1.39 27, 35

Fe50Ni30B20 17 1.23 27, 35

Fe40Ni40B20 14 1.04 27, 35

Fe76Al4P13C7 24 1.32** 31

Fe72Al8P13C7 20 1.22** 31

Fe79Ga1B20 1.57* 36

Fe78Ga2B20 1.56* 36

Fe77Ga3B20 1.53* 36

* Relative value for Fe80B20.

** Relative value for Fe80P13C7.

Fig. 1 Saturation magnetization (Js) as a function of Fe content for Fe-

based glassy alloys and conventional amorphous alloys.

Fig. 2 Saturation magnetostriction constant (�s) as a function of square of

saturation magnetization (Js) for Fe-based glassy alloys and conventional

amorphous alloys.

Table 1 Coercivity (Hc), saturation magnetostriction constant (�s), saturation magnetization (Js), supercooled liquid region (�Tx) and

maximum sample thickness (tmax) for glass formation by single-roller melt-spinning technique of Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy

alloys with low Hc.

No.
Melt-spun ribbons (thickness of 20–35mm)

tmax/mm Ref.
Hc/A�m�1 �s/10

�6 Js/T �Tx/K

Fe80P12B4Si4 G1 1.1 31 1.34 36 — 13

Fe76Al4P12B4Si4 G2 2.6 30 1.24 46 — 13

Fe73Al5Ga2P11C5B4 G3 2.3 24 1.25 48 �135 14

Fe72Al5Ga2P11:55C5:25B4:2 G4 2.4 21 1.07 50 �140 15, 16

Fe73Al2:86Ga1:14P12:65C5:75B4:6 G5 2.7 25 1.30 50 �140 15, 16

Fe77Al2:14Ga0:86P8:4C5B4Si2:6 G6 2.4 38 1.47 34 �220 15

Fe78Al2P10B6Ge4 G7 2.8 41 1.23 30 — 18

Fe75Al5P10B6Ge4 G8 2.0 34 1.10 43 — 18

Fe73Al5Ga2P10B6Ge4 G9 2.4 33 1.09 49 — 18
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Figure 3 shows the relationship between Hc and �s for the
melt-spun Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy alloys and the
conventional amorphous alloys. The typical Fe-based amor-
phous alloys such as Fe-B, Fe-Si-B and Fe-P-C exhibit
relatively large �s (about 30� 10�6) and Hc (�2:4A/m).
The coercivity of the alloys decreases with decreasing �s. On
the other hand, �s of the Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy
alloys is about 20{40� 10�6. However, the glassy alloys
tend to show low Hc whereas �s is large. Especially, the
Fe78Al2P10B6Ge4 alloy (G7) exhibits large �s of 41� 10�6,
however, its Hc is only 2.8A/m.

3. Discussion

The coercivity is controlled by the process of magnet-
ization reversal and thus depends on magnetic nucleation,
rotation of magnetic moments and domain-wall motion. The
rotation of magnetization and domain-wall motion are
associated with the anisotropy, strain, exchange interaction,
demagnetizing effects and the presence of structural and
surface inhomogeneities. If the magnetization reversal takes
place by domain-wall motion, this process involves local
magnetic nucleation and domain expansion controlled by the
presence of defects, local magnetic inhomogeneities, surface
roughness or intrinsic magnetic fluctuations caused by
structural disorder.41–45) In crystalline materials Hc is
determined by dislocations and grain boundaries. In amor-
phous materials both kind of defects in the conventional
picture do not exist. Nevertheless, the observed Hc has values
of the order of magnitude 0.5–10A/m which are consid-
erably larger then the expected ones for the intrinsic
inhomogeneities (�3� 10�5 A/m) or short-range order
(�1� 10�4 A/m).44) The typical value for the contribution
of the surface roughness to Hc has been estimated to be
0.5A/m for Fe-based amorphous alloys and thus represents

one of the limiting factors for Hc of the amorphous
alloys.44,45) It is therefore suggested that in amorphous alloys
exist inhomogeneities acting as strong pinning centers for
domain walls. These pinning centers were found to corre-
spond to stress sources.

Stress sources are supposed to have their origin in the
partial instability of the free volume below the melting point.
The free volume may exist in dispersed form as the melt of in
the form of agglomerates. However, three-dimensional
clusters of vacancy-type are supposed to be unstable.46) By
a relaxation of the atomic network the vacancy clusters may
collapse thus generating planar defects which act as stress
source.43,47,48) The dispersed free volume is similar to partial
point defects with stress fields varying as r�3 (r is the
distance from the stress center) whereas planar defects are
equivalent to dislocation dipoles (quasi-dislocation dipoles)
with stress fields varying as r�2.43) Figure 4 shows a model
for formation of the quasi-dislocation dipoles in amorphous
alloys by agglomeration of vacancy-type point defects.43,47,49)

The quasi-dislocation dipoles generate short-range (but
longer than domain-wall thickness) stress fields and act as
pinning centers for domain walls.43,47,48) The type of stress
sources existing in amorphous alloys has been investigated
by means of the low of approach to ferromagnetic satu-
ration.47,49) Form the high-field susceptibility it was derived
that the quasi-dislocation dipoles are the main sources of
elastic stress.43,47,48)

The quasi-dislocation dipoles are characterized by the
dipole width (D), the dipole length (L3) and an effective
Burgers vector (b) with components b1 and b2 as shown in
Fig. 5,44,45) where the coordination axis x1 is orientated
parallel and the axis x3 is perpendicular to the easy axis, and
the x2-axis was chosen to be parallel to the domain-wall
normal. Kronmüller and his co-workers calculated Hc of a
random distribution of the quasi-dislocation dipoles of
densities �d based on the statistical potential theory.

43–45,50–53)

In the special case of the quasi-dislocation dipoles with
" ¼ �=2, b3 ¼ 0 and b1 ¼ b, they obtain43–45)

Fig. 3 Relationship between coercivity (Hc) after annealing and saturation

magnetostriction constant (�s) for Fe-based glassy alloys and conventional
amorphous alloys.

Fig. 4 Schematic two-dimensional model for formation of quasi-disloca-

tion dipoles in amorphous alloys by agglomeration of vacancy-type point

defects in planar regions.43,47,53) The quasi-dislocation dipole is charac-

terized by dipole width (D), dipole length (L3) perpendicular to the

drawing plane and an effective Burgers vector (b).
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Hc ¼
12G�Vffiffiffiffiffiffiffiffiffiffi
30F�

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��d ln

�L2

2�

� �s
�s

Js
; ð1Þ

where G is the shear modulus,

�V ¼ DL3b ð2Þ

corresponds to the volume contraction due to the quasi-
dislocation dipoles, F is the domain-wall area, L2 is the
domain width, respectively. The domain-wall thickness,

� ¼ �

ffiffiffiffiffi
A

K

r
; ð3Þ

is determined by the micromagnetic exchange stiffness
constant (A) and the anisotropy constant (K). The factor of
lnf�L2=ð2�Þg in eq. (1) takes into account the statistical
fluctuations due to the �L2=ð2�Þ independent positions of the
domain wall within the domain width. The parameters were
derived from the high-field susceptibility of the Fe40Ni40B20

conventional amorphous alloy as follows:48,49) D � 10 nm,
L3 � 50 nm, b � 0:2 nm, �d � 2� 1023 m�3,
F � 6� 10�9 m2, � � 300 nm and L2 � 100 mm. Numerical
calculations based on eq. (1) predict values for Hc in
magnetostrictive alloys of the right order of magnitude, while
measurements of the temperature dependence of HcJs=�s,
which should correspond to ��1=2 / K1=4, in a number of Fe-
based amorphous alloys have provided convincing proof for
the existence and role of the quasi-dislocation dipoles.43–45) It
should be noted that eq. (1) gives the similar result to the
well-known Kersten’s relation with long-range stress
fields,54) Hc ¼ ��s�0�=ð2JslÞ, where �0 and l are the
amplitude and the wave-length of the internal stress.
However, it gives HcJs=�s / � / K�1=2, which is different
from the observed relation (HcJs=�s / K1=4) in Fe-based
amorphous alloys.

If G, F, � and L2 of the glassy alloys are the same as those
of the conventional amorphous alloys as shown in Tables 1
and 2, respectively, Hc can be written as

Hc / �V
ffiffiffiffiffi
�d

p �s

Js
: ð4Þ

Figure 6 shows Hc as a function of �s=Js for the glassy Fe-
(Al, Ga)-(P, C, B, Si, Ge) alloys and conventional amorphous
alloys. Here, the contribution of the surface irregularities to
Hc is assumed to be 0.5A/m.44,45) It should be noted that the
glassy Fe-(Al, Ga)-(P, C, B, Si, Ge) alloys exhibit lower Hc

than the conventional amorphous alloys with the same �s=Js.
The gradient of the Hc vs. �s=Js plot for the glassy alloys is
smaller than that for the conventional amorphous alloys. This
result indicates that �V�d

1=2 of the glassy alloys is about 0.4
as large as that of the conventional amorphous alloys. This
result suggests that �d of the glassy alloys is about 0.16 as
large as that of the conventional amorphous alloys or �V of
the glassy alloys is about 0.4 as large as that of the
conventional amorphous alloys. Here, the decrease of �V

means the decrease in the pinning force due to the elastic
stress.43–45) It should be noted that �V and �d strongly
depends on the quenched-in free volume descried above. It
has been reported that the difference in the mass densities
(��m

ga) between the as-cast amorphous and fully crystal-
lized states of the bulk glassy alloys is in the range of 0.30–
0.54%,55) which is much smaller than that of the conventional
amorphous alloys (��m

ca / 2{3%).2,56) It should be noted
that ��m

ga=��m
ca (�0:1{0:3) is consistent with the above

results.
It is possible that Hc of Fe-based amorphous alloys is

decreased by various techniques. For example, low Hc values
of 1–1.5A/m have been obtained for amorphous Fe-Cr-Si-B
alloys annealed in no-magnetic field followed by water
quenching,57) and for amorphous Fe-B-C(-Si) alloys annealed
and slowly cooled in a static magnetic field.58) It should be
noted that these techniques may be effective for the Fe-based
glassy alloys, i.e., further low Hc will be obtained for the
glassy alloys. It can be said that the Fe-based glassy alloys
have the high possibility as a new low loss material.

Fig. 5 Geometry of a quasi-dislocation dipole interacting with a domain

wall.44,45)

Fig. 6 Coercivity (Hc) after annealing as a function of saturation magneto-

striction constant/saturation magnetization (�s=Js) for melt-spun Fe-based

glassy alloys and conventional amorphous alloys. Contribution of surface

irregularities to Hc is assumed to be 0.5A/m.44,45)
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4. Conclusions

The relationship among Js, �s and Hc of the glassy Fe-(Al,
Ga)-(P, C, B, Si, Ge) alloys is discussed. The glassy alloys
tend to show relatively low Hc whereas �s is large. The
theoretical analysis on the basis of domain-wall movement
suggests that the main part of Hc should be proportional to
�V�d

1=2�s=Js. These results suggest that the low Hc

originates from the much higher packing density of the
glassy alloys than that of the conventional amorphous alloys,
which realizes the low density of the quasi-dislocation
dipole-type elastic stress sources or the low pinning force due
to the elastic stress. The good combination of high glass-
forming ability and good soft magnetic properties (especially
low Hc) indicates the possibility of future development as a
new bulk glassy soft magnetic material.
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