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Abstract

Saturation magnetization and thermomagnetic curves were determined on FINEMET-type glassy precursors after
di!erent heat treatments below the nanocrystallization temperature. Saturation magnetization (M

4
) shows a maximum

at the early stage of nanocrystallization, then it drops to below the M
4

characteristic for the as-quenched state. Curie
temperature of the amorphous phase (¹!.

#
) increases continuously due to structural relaxation up to the beginning of

nanocrystallization. The results are interpreted on the basis of irreversible structural relaxation as well as Si redistribu-
tion between the Fe(Si) nanograins and the intergranular amorphous shell. ( 2000 Elsevier Science B.V. All rights
reserved.
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The nanocrystalline structure of Fe(Si)-based
(FINEMET-type) soft magnetic alloys is formed via the
primary crystallization of BCC Fe(Si) solid solution from
the amorphous precursors according to the basic scheme
characteristic to the hypo-eutectic glasses [1]:
am1PFe(Si)1am2 , (am

1
and am

2
are the initial

amorphous precursor and the remainder amorphous
phase, respectively). Though this reaction takes place
within a few seconds as thermal e!ect, the excellent soft
magnetic properties do evolve only gradually, until the
"nal volume fraction and the concentration distribution
of the components between the nanograins and the inter-
granular amorphous shell is reached (usually isothermal
heat treatments at around 5203C are used). The addition
of nucleating element (Cu) ensures the evolution of ho-
mogeneous grain size and a su$cient separation between
the two stages of crystallization. The nucleation process

starts already well below the temperature of the nanoc-
rystalline grain formation [2].The structural features and
the soft magnetic properties of these alloys have been
thoroughly investigated in the "nal nanocrystalline state
[3,4]. On the contrary, relatively few data are available
from the early stage of nanocrystalline grain formation,
especially as far as the low-temperature properties like
saturation magnetization, M

4
, or coercive force are con-

cerned [5]. In this paper the "eld dependence of M
4
after

structural relaxation, nucleation, and the early stage of
crystallization will be compared with those in the fully
nanocrystalline state. The measurements were carried
out at 12 and 300K.The Curie temperature of the re-
mainder amorphous phase was determined by thermom-
agnetic measurements. Finally, a possible structural
background of the structural relaxation and nucleation
process in these alloys will be discussed.The FINEMET-
type amorphous ribbons (Fe

73.5
Nb

3
Si

13.5
B
9
Cu

1
) were

prepared by Vacuumschmelze. The isothermal heat treat-
ments were carried out at 4003C, for 30min (structural
relaxation), at 4503C, for 15 and 30min (nucleation pro-
cess together with pronounced structural relaxation
without any nanocrystalline Fe}Si formation) and at
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Table 1
Saturation magnetization (M

4
) and coercive force (H

#
) measured

at 12 and 300K after isothermal heat treatments

Annealings M
4

(emu/g)
12K

M
4

(emu/g)
300K

H
#

(mOe)
12K

H
#

(mOe)
300K

As-quenched 153.1 131.3 * 102
4003C/0.5h 154.6 135.0 83 36.6
4503C/15min 155.1 135.5 154 38.7
5253C/4min 159.4 138.2 165.5 67.2
5253C/1h 145.9 134.1 67.2 (20

Fig. 1. Thermomagnetic curves for di!erent isothermally an-
nealed samples. (a) as-quenched, (b) relaxed (4003C, 0.5 h) (c)
early stage of nanocrystallization (4min. 5253C).

5253C, for 4min as well as 60 min (initial stage and
completed nanocrystallization). The magnetic measure-
ments were performed by a Quantum Design SQUID
magnetometer of the type MPMS-5S with a maximum
"eld of 5T. Thermomagnetic measurements (using
20K/min heating rate) have been performed with
a home-made testing system based on AC susceptibility
measurements as a function of temperature. The values of
saturation magnetization and coercive force (measured at
12 and 300K after the heat treatments) are collected in
Table 1. Structural relaxation (4003C, 0.5 h) causes a de"-
nite increase in M

4
. A similar e!ect was found after the

nucleation heat treatment (4503C), however, it strongly
depends on the measuring temperature. The maximum in
saturation magnetization is reached at the early stage of
nanocrystallization (5253C, 4min). Note that an increase
in M

4
due to structural relaxation has been detected in

Fe-based glasses [6]. It was interpreted as a result of
varying degrees of chemical disorder in the glass in-
#uenced by the thermal history. On the contrary,
M

4
de"nitely decreases below that of the as-quenched

value in the fully nanocrystallized state (especially if it is
measured at low temperatures). With the exception of
data obtained on the fully nanocrystallized sample, our
observations apparently contradict the trend published
in Ref. [5], where a gradual decrease in M

4
was observed

with increasing temperature of the isothermal heat treat-
ments. The possible reason of this contradiction is the
di!erence in duration and temperature of the heat treat-
ments applied.The non-monotonic behaviour of M

4
with

annealing (Table 1) indicates that irreversible structural
relaxation and nanocrystallization in#uence the Fe
atomic moment in qualitatively di!erent ways. The in-
crease in M

4
is evidently caused by the irreversible relax-

ation. The irreversible structural relaxation in amorph-
ous materials can be satisfactorily interpreted in terms of
annihilation of compressed (p-type defects) and stretched
(n-type defects) regions (with respect to an average den-
sity) [7] where the latter process dominates, resulting in
a slightly more compact structure. The atomic volumes
of Fe atoms in the p-type defects become greater during
annihilation leading to the increase of their magnetic
moments whereas the contrary occurs to the Fe atoms in
the n-type defects. However, theoretical calculations for
FCC and amorphous iron [8,9] show that there exists
a threshold Fe atomic distance where the atomic mo-
ments rapidly decrease with compression whereas a mod-
erate increase is obtained for dilatation. This can result in
the increase in M

4
in spite of the higher weight of the

n-type annihilation. It is supposed that only short-range
atomic rearrangements are required for the p-type anni-
hilation. This takes place already in the "rst period of the
heat treatment, leading to the increase in M

4
and ¹!.

#
. As

part of the irreversible relaxation, it also contributes to
the well known decrease in H!.

#
(see the increase in

¹
#

observed after the heat treatment at 4003C in

Fig. 1 and the appropriate H
#

data in Table 1). The
surprising fact that nanocrystallization causes a decrease
of the average Fe magnetic moment is in line with litera-
ture reports [5]. As it is evident from the increased
coercive "eld of the (5253C/4min) sample (Table 1),
nanocrystallization has already started at this treatment,
in agreement with the literature [10]. In spite of the low
volume fraction of the grains (not detected by X-ray
measurements), its e!ect can be observed on the satura-
tion magnetization. When the nanocrystallized fraction
reaches detectability, the magnetization decreases.The Fe
moment decrease with annealing can be interpreted by
the continuous Si di!usion into the BCC grains as well as
the ordering of the Fe(Si) phase as the isothermal heat
treatment proceeds. This di!usion results in the enrich-
ment of Si in the nanograins. The redistribution of Si
atoms requires di!usion at least over a 10 nm distance.
This new distribution will be completed only after the
formation of the BCC nanograins. Therefore, the role of
the dissolved Si becomes dominant in lowering the
M

4
only during more prolonged nanocrystallization heat

treatments. On the other hand, it is well known that the
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Fe
3
Si phase forms an ordered DO

3
phase in the

FINEMET alloys [11]. Since the Fe atoms in the or-
dered phase have lower magnetic moments than in the
disordered phase [12], this can also be associated with
the decrease of M

4
in the optimal nanocrystallized state

with respect to the underannealed ones. As nanocrystall-
ization proceeds, the in#uence of Nb enrichment in the
amorphous matrix on reducing M

4
cannot be excluded

either.
Cu as nucleating element acts through the enhance-

ment of p-type annihilation as it is qualitatively described
in Ref. [1]. As the activation energy of di!usion for Cu in
the amorphous precursor is lower than that of the self-
di!usion of Fe in the same matrix, the p-type defects can
easily collapse after the precipitation of Cu. Therefore,
the temperature for the onset of primary a-Fe crystalliza-
tion will be lowered. This kind of nucleation enhance-
ment of a-Fe precipitation due to Cu addition is sup-
ported by several experimental "ndings concerning the
crystallization mechanism of eutectic and hypo-eutectic
binary Fe}B glasses [13].

The thermal annihilation of p-type defects can also
play a role in the ¹!.

#
increase during relaxation (`ba

curve in Fig. 1) and after nucleation. (The curve referring
to the latter is similar to the b curve, so it is not plotted in
Fig. 1.) After the onset of the nanograin crystallization,
the thermomagnetic curve for the partially decomposed
amorphous phase is already more complicated, and
a small shoulder begins to develop near the Curie tem-
perature of the amorphous phase. (`c++curve in Fig. 1)
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