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Abstract

We present di!erential scanning calorimetry (DSC), X-ray di!ractometry, in situ MoK ssbauer spectroscopy (MS), and
transmission electron microscopy (TEM) studies in Metglas ribbons subjected to di!erent heat treatments. The
temperature evolution of the hyper"ne "eld H

)&
(¹) and the Curie temperature (¹

#
) of the amorphous phase are

determined. The magnetic "eld originally present in the amorphous phase has a &normal' behavior, in the sense that it can
be described by the Weiss molecular "eld theory. The total angular momentum of the iron atoms turns out to be 5/2 and
this implies Fe3` in which the electronic spins are uncoupled. When the samples are maintained near ¹

#
(+673K), three

new magnetic phases are detected in the MoK ssbauer spectra, indicating an onset of a crystallization process well below
the "rst crystallization temperature (¹

X1
), as determined by DSC (+820K). The magnetic behavior of these phases is

also described by universal Brillouin curves with J
1
"3

2
,J

2
"5

2
and J

3
"5

2
. A pre-identi"cation of the crystalline phases

is made through the MoK ssbauer parameters of the three observed magnetic phases, and the "nal characterization by
X-ray and electron di!raction. Two of the three phases were identi"ed as a-FeSi and Fe

2
B. The third phase could be the

cubic phase of Fe
3
Si or a solid solution of FeSi. The size of the nanocrystals formed in a sample heated at 673K during

di!erent time intervals were determined by TEM. Even though the number of the nanocrystals increases with time, their
average size remains the same. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 75.50.Kj; 61.43.Dq; 76.80.#y; 61.18.Fs
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1. Introduction

The importance of ferromagnetic metallic glasses
arises not only because of their possible applica-

tions, but also from the point of view of the basic
physics involved [1,2] in their behavior. From this
point of view, the fact that amorphous alloys
showed ferromagnetic behavior changed the con-
ception that long-range order was essential for this
property [3]. On the other hand, the nanocrystall-
ization of an amorphous ferromagnet, as a conse-
quence of heat treatments, may produce substantial
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Fig. 1. Di!erential scanning calorimetry curve (153C/min).

softening in its magnetic properties, presumably by
a randomization of magnetic anisotropy, and a de-
crease of their magnetostriction constant [4]. How-
ever, the exact nature of the changes involved in the
nanocrystallization process is not fully understood
[5].

This paper deals mainly with the thermal evolu-
tion of the magnetic properties of Metglast 2605
SC amorphous ribbons (nominal composition:
Fe

81
B
13.5

Si
3.5

C
2
). An advantage of this material is

its high iron content, which allows the use of MoK s-
sbauer spectroscopy to study the variations of the
internal hyper"ne "eld due to di!erent causes, as
those produced by thermal or thermomechanical
treatments. We also report the results of DSC,
X-ray di!raction and TEM.

2. Experimental techniques

All the measurements were performed on small
pieces of about 1 cm2 cut from commercial Metglas.
The calorimetric measurements were performed in
a Dupont 2100 di!erential scanning calorimeter,
using a heating rate of 153C/min.

The MoK ssbauer spectra (MS) were recorded us-
ing a constant acceleration spectrometer with
transmission geometry and a 57Co in Rh source
kept at room temperature. All the spectra were
recorded in situ, placing the absorbers on the
sample holder of a vacuum furnace, or of a closed
cycle refrigeration system. The obtained spectra
were "tted using a constrained least-squares pro-
gram. The temperature evolution of the hyper"ne
"eld in the amorphous phase was studied from
13K up to its Curie temperature (¹

#
+673K),

whereas for the crystalline phases the interval was
from the Curie temperature of each of the crystal-
line phases (¹H

#
) to room temperature.

The X-ray di!ractograms were recorded in a Sie-
mens D-5000 operating at 30 kV and 35mA. The
CuK

a
line radiation monochromated with

a graphite "lter was used. Four di!ractograms were
recorded: one for the as-cast material and three
more for samples that were annealed in an inert
atmosphere at 753K (80K above ¹

#
, as judged

from the DSC curve) for 12, 18 and 48 h, and then
slowly cooled to room temperature.

Transmission electron microscopy (TEM) micro-
graphs and electron di!raction patterns were ob-
tained with a Jeol Electron Microscope CM-200.
A disk-shaped sample of the as-cast material,
3.0mm in diameter, was thinned with an argon ion
jet in a PIPS-691 system and then placed in the
lateral entrance goniometer of the microscope, op-
erated at 200kV (0.27nm resolution). The sample
was heated at 100 K/min up to ¹

#
"673K and

maintained at that temperature for di!erent time
periods.

3. Results

The DSC curve is shown in Fig. 1. Apart from
two huge exothermic peaks associated with the
crystallization processes that occur at ¹

X1
+820 K

and ¹
X2

+826 K, there is a broad feature between
673 and 725K that can be associated, as will be
clear later, with the ferromagnetic to paramagnetic
phase transformation of the system. Guided by the
DSC results, a systematic study of the MoK ssbauer
spectra at di!erent temperatures was carried out.
The as-cast room temperature MS exhibited a six
line magnetic structure (Fig. 2) with broad lines. To
provide more information on the magnetic "eld
evolution, a spectrum at 13K was also recorded
(Fig. 3). In Figs. 4}7 we show the in situ recorded
spectra at di!erent temperatures, ranging from
440 to 673K. The time during which each spectrum
was taken is indicated in the "gure captions. The
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Fig. 2. Room temperature MS (12 h accumulation).

Fig. 3. MS at 13K (12 h accumulation).

Fig. 4. MS at 440K (12 h accumulation).

Fig. 5. MS at 600K (12 h accumulation).

Fig. 6. MS at 663K (2 h accumulation).

Fig. 7. MS at 673K (1.5 h accumulation).
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Fig. 8. MS at 673K (1.5 h#12 h accumulation).

Fig. 9. New MS at 673K restarting the accumulation after the
MS of Fig. 8 was recorded (9 h accumulation).

Fig. 10. Temperature variation of the amorphous phase hyper-
"ne magnetic "eld.

continuous line in each spectrum is the result of the
"tting process with a single magnetic sextet and no
restriction to the linewidths, so that the obtained
values represent an average hyper"ne "eld. Apart
from the wideness of the spectral peaks, it is worth
mentioning that, in all cases, the quadrupole split-
ting is essentially zero, as has been proven by Chien
[6].

As the temperature is increased, there is a grad-
ual reduction of the hyper"ne "eld until a paramag-
netic singlet appears. The changes in the magnetic
"eld intensities observed in a temperature interval
that ranges from 13K to around 650K are essen-
tially reversible, indicating that the amorphous
character of the material does not change in this
temperature interval. Nevertheless, the relative in-
tensities of the di!erent hyper"ne lines vary slight-
ly. These slight changes must be associated with the
release of mechanical strains produced during the
fast cooling of the material. The reversibility is
maintained even if the sample is kept for a short
time (few minutes) at, or near, the Curie temper-
ature. However, if the sample is heated at
¹

#
"673 K during 12 h, a new magnetic "eld be-

gins to evolve, that superimposes on the paramag-
netic one. Fig. 8 shows the spectrum of the sample
heated to 673K and maintained at this temperature
for 12 h, after the spectrum of Fig. 7 was recorded.
This indicates that the crystallization process has
begun well below the crystallization temperatures
(¹

X1
and ¹

X2
). A new spectrum was recorded at

the same temperature (673K) and the result is

shown in Fig. 9. Surprisingly no trace of the resid-
ual amorphous fraction (no paramagnetic peak) is
seen in this spectrum. Fig. 10 shows the temper-
ature variation of the measured average magnetic
"eld of the amorphous phase.

To assure a complete crystallization a new
sample was heated for 12 h at 900 K and then
slowly cooled to room temperature. In the MS of
that sample recorded at 300K, three unexpected
hyper"ne subspectra were obtained (Fig. 11), indic-
ating the presence of new magnetic phases. In this
"gure we show the three subspectra separately by
dotted lines.

In order to identify the magnetic phases (and
maybe the crystalline phases) systematic studies of
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Fig. 11. Room temperature MS of the crystallized sample.

Fig. 12. MS of the crystallized sample at 601K.

Fig. 13. MS of the crystallized sample at 843K.

Fig. 14. MS of the crystallized sample at 893K.

Fig. 15. MS of the crystallized sample at 933K.

the temperature evolution of the new hyper"ne
"elds were performed, from room temperature up
to a temperature (¹H

#
"933K) such that the result-

ing spectrum showed a single paramagnetic line;
that is, until all the three magnetic phases had
become paramagnetic. Figs. 12}15 show the typical
spectra obtained in these cases. The continuous line
in each spectrum is the result of a "tting process in
which the linewidths were "xed to a value close to
the natural linewidth, so that the magnitudes of the
hyper"ne "elds are not average values, as in the
amorphous case. Their temperature variations are
shown in Fig. 16. Once again, all the quadrupole
splittings are essentially zero.

To obtain information about the crystalline
phases and crystal formation kinetics, an X-ray
di!raction study was also made in four samples:
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Fig. 16. Temperature variation of the three hyper"ne "elds.

Fig. 17. X-ray di!ractograms of Metglas: (a) as-cast, and heat
treated at 753K, during (b) 12, (c) 18 and (d) 48h.

one as-cast and the other three, heat treated at
753K (80K above the ¹

#
) for 12, 18 and 48h in

inert (N
2
) atmosphere. The results are shown in

Fig. 17, in which the evolution from the amorphous
to the crystalline state can be seen.

TEM micrographs (MG) and electron di!raction
patterns (EDP) were "rst recorded at room temper-
ature. Then the sample was heated in situ at
100K/min up to 673K. New MG-EDP were ob-

tained after 3}5, 12}13 and 60}61min (Fig. 18).
Two important things are to be noted in these
results: "rstly, the crystallization of a large fraction
of the material after 3min (Figs. 18c and d) and
secondly, the size (20 nm in average) of the nanoc-
rystals does not increase with the time of the heat
treatment (Figs. 18d, f and g).

4. Discussion

Notwithstanding the random #uctuations of the
exchange interaction present in an amorphous ma-
terial, the existence of a magnetic "eld at room
temperature is a clear manifestation that these #uc-
tuations do not average to zero. The description of
this e!ect can be made via a homogeneous [7] or
an inhomogeneous [8] molecular "eld approxima-
tion. In any case, the magnetization of the material
is expected to follow the Weiss molecular "eld
theory [9]. In order to study the behavior of this
average e!ect, no restriction was put on the
linewidths during the "tting process of the MS, in
such a way that the magnetic "eld intensities so
obtained represent an average value of the hyper-
"ne "eld.

The evolution of the MoK ssbauer spectra with
increasing temperature, shown in Figs. 4}6, is due
to a decrease of the hyper"ne "eld, until a paramag-
netic peak is obtained at ¹

#
"673K (Fig. 7), in

good agreement with the "rst feature observed in
the DSC curve. The average magnetic "eld inten-
sity as a function of temperature H

)&
(¹) is shown in

Fig. 10. This curve was "tted assuming that the
hyper"ne "eld is given by Weiss molecular "eld
theory; i.e.,

H
)&

(¹)

H
)&

(0)
"B

J
(x), (1)

where B
J
(x) is the Brillouin function and H

)&
(0) is

the zero kelvin extrapolated hyper"ne "eld

B
J
(x)"

2J#1

2J
cothCA

2J#1

2J BxD
!

1

2J
cothCA

1

2JBxD. (2)
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Fig. 18. In situ EDP and MG of a Metglas sample heated at 673K; (a) As-cast; (b) As cast; (c) 3min; (d) 5min; (e) 12min; (f) 13min;
(g) 60min; and (h) 61min.

Magma=21344=CM=VVC

V. Marquina et al. / Journal of Magnetism and Magnetic Materials 221 (2000) 327}337 333



Fig. 19. Normalized hyper"ne "eld as a function of normalized
temperature.

Fig. 20. Temperature variation of the isomer shift of the
amorphous phase.

J is the total angular momentum of the magnetic
atoms, and x"gk

B
H

)&
J/k

B
¹, where k

B
is the Bohr

magneton, g the Landè factor and k
B

is the Bol-
tzmann constant.

Solving this equation [10], the theoretical curve
that best "ts the experimental data was obtained
using J"5

2
and it is shown in Fig. 19. The J"5

2
value of the total angular momentum obtained in
the "tting process implies a 3# ionic state of the
iron atoms in which the electron spins are un-
coupled. These uncoupled spins must be a charac-
teristic of the amorphous state of the material. On
the other hand, the small value of the magnitude of
the magnetic "eld must be the manifestation of the
large average separation of the magnetic atoms in
the amorphous phase, compared with the same
separations in the crystalline state. It could also
indicate a smaller interchange coupling constant
due to the lack of a translational symmetry. In this
sense, it is interesting to note two experimental
facts: in the "rst place, the temperature variation of
the isomer shift, d, (Fig. 20) follows the usual sec-
ond-order Doppler behavior [11] except near ¹

#
,

where a discontinuous jump is observed [12,13]. In
the second place, the experimental values of
H

)&
(¹)/H

)&
(0) also deviate from the theoretical

curve near ¹
#
. One possible reason for these behav-

iors could be that a small fraction of the amorphous
phase begins to crystallize, as it is revealed by the
presence of a new (di!erent) hyper"ne "eld when
the sample is maintained 12 h at 673 K (Fig. 8), well

below the DSC crystallization temperature. Albeit
the intrinsic sensitivity of MoK ssbauer spectroscopy,
this crystallization is only noticeable as a magnetic
sextet after su$cient time has elapsed (12 h at
673K), so as to make the intergranular distances
shorter than the exchange correlation length
(around 40}50 nm [14]). That is to say, even if
a nanocrystallization process begins, the size of the
crystals is so small and their average separation is
so large, that no magnetic coupling takes place
between them and the rest of the amorphous phase.
The magnitude of the new magnetic "eld is now
characteristic of the crystalline state and no traces
of the amorphous material can be seen in the MS.
However, the X-ray and TEM results show that the
material is far from being totally crystallized. This
could be understood assuming that once the aver-
age separation between the nanocrystals is shorter
than the correlation length, the local magnetic "eld
magnetizes the surrounding amorphous material
and the paramagnetic singlet disappears.

The MS of the sample annealed at 673K during
12 h is more complex than the ones of the amorph-
ous phase and apparently consists of two magnetic
sextets. However, when the MS of this sample was
recorded at room temperature (Fig. 12), an unex-
pected result was obtained. Now, the presence of at
least three magnetic subspectra is evident and as-
suming the presence of three di!erent magnetic
phases, a good "t could be obtained for all the
spectra recorded once the material crystallized.
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Fig. 21. Normalized hyper"ne "eld as a function of normalized
temperature of sextet A.

Fig. 22. Normalized hyper"ne "eld as a function of normalized
temperature of sextet B.

Fig. 23. Normalized hyper"ne "eld as a function of normalized
temperature of sextet C.

Table 1
Room temperature isomer shifts d (with respect to iron), room
temperature and zero kelvin hyper"ne magnetic "elds (H

)&
),

Curie temperature (¹H
#
) and relative Zeeman percentage (%Z) of

each of the subspectra obtained for the sample heat treated at
900K. In all cases, the linewidths (C) were 0.35mm/s

d
(mm/s)

H
)&

(0)
(T)

H
)&

(300K)
(T)

¹H
C

(K)
%Z

Sex A 0.07 33.0 32.1 900 37
Sex B 0.10 30.0 28.6 940 11
Sex C 0.13 25.0 23.7 935 52

The following step was to identify the crystalline
phases. To assure complete crystallization of the
material, a sample was heat treated in the manner
described above. The pre-identi"cation of these
phases came through the room temperature MoK s-
sbauer parameters of the three obtained subspectra
(labeled as Sex A, B and C), which are shown in Fig.
11, together with a study of the temperature vari-
ation of the three hyper"ne "elds, which were also
"tted to universal Brillouin curves (Figs. 21}23).
The Curie temperatures and the zero temperature
"eld values were obtained extrapolating these
curves. These results, together with the room tem-
perature "elds, the isomer shifts and the relative

Zeeman percentage of each subspectra are shown
in Table 1.

Despite the Curie temperature and the intensities
of the hyper"ne "elds at room temperature and
zero kelvin being lower than the corresponding
quantities of crystalline bcc a-Fe [13], we identify
Sex A with this phase with a small amount of Si
impurities. In fact, it is known that the Curie tem-
perature of a-Fe decreases from 1042 to 772K as
the silicon content increases from 0 to 15 wt% [15].
For the Curie temperature obtained in our experi-
ment (900K), an estimate of 7.9wt% of silicon can
be made.

On the other hand, the MoK ssbauer parameters
and extrapolated zero temperature "eld and Curie
temperature of Sex C correspond to tetragonal
Fe

2
B [16].
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Fig. 24. X-ray di!ractogram of the crystallized sample.

Table 2
Lattice parameters for the crystalline phases

a (As ) b (As ) c (As )

Fe
2
B 5.0985 5.0985 4.2297

a-Fe 2.8440 2.8440 2.8440

The assignment of Sex B, however, is not so clear.
It could be either a Fe}Si solid solution or to the
cubic Fe

3
Si phase.

The observed di!erences could also be under-
stood in terms of the total angular momentum
obtained from the "tting process in each case
(J"3

2
, 5
2
, and 5

2
, respectively). These values indicate

that, even if the amorphous material has crystal-
lized, the crystalline "elds of the di!erent phases are
lower than in the usual crystalline phases. As it will
be seen in what follows during the crystallization
process only nanocrystals are formed, so the local
crystalline "eld is only due to the nearest neighbors
and, consequently, the electron spin paring should
be smaller than in the whole crystal (J"1

2
in a-Fe)

[17].
As can be seen in the X-ray di!ractograms (Fig.

17), the as-cast ribbon shows a broad peak indicat-
ing the amorphous character of the material (Fig.
17a). The gradual evolution towards the crystalline
state of the sample heated during 12, 18 and 48 h is
seen in the di!ractograms Figs. 17b}d. It is interest-
ing to note that the broad peak in the amorphous
material is centered at 2h+453, the same angle
where the strongest peak of the crystallized sample
will appear after 48h of heat treatment. As has been
pointed out elsewhere [18], the amorphous mate-
rial contains nuclei of the crystalline grains.

The "nal phase identi"cation was made compar-
ing the X-ray di!ractogram of the sample heated
during 48 h (Fig. 24) with the standard di!raction

patterns [19]. There is a clear connection between
the observed peaks and the ones corresponding to
the cubic a-Fe and tetragonal Fe

2
B. The peaks that

could be associated with a third phase are very
feeble, or they are superimposed to other peaks. So
no clear identi"cation of this phase can be made.
However, considering the nominal composition of
the material and the MoK ssbauer results, the third
phase could be a solid solution of a-Fe and Si, or
the cubic Fe

3
Si phase. The crystal lattice para-

meters are shown in Table 2.
The "rst TEM MG-EDP, taken at room temper-

ature, reveals the amorphous character of the as-
cast sample. However, after 3 min at 673K, a large
fraction of the material has crystallized and the
second di!raction ring starts to show the typical
fragmentation of a crystalline state. This early crys-
tallization is probably due to a local heating pro-
voked by the electron beam of the microscope
(+100K). The subsequent MG shows an increase
in the nanocrystal density, but not in their average
size (10}20 nm). The EDP rings show a correspon-
ding increasing fragmentation. The interplanar
distances, d

%91
, were calculated measuring the dif-

fraction rings radius, R
%91

, of the sample heated
during 61 min. These distances were compared with
PDF tables. Unfortunately, the interplanar distan-
ces concur with the three phases (Table 3), so an
unambiguous identi"cation cannot be made.

5. Conclusion

The in situ study reveals that the broad peak in
the DSC curve observed around 700K is associated
with the ferromagnetic to paramagnetic state
transition of the amorphous material. The mag-
netic "eld originally present in the amorphous
phase has a &normal' behavior, in the sense that it
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Table 3
EDP ring radius (R

%91
) of the sample heated during 61 min at 673K; calculated interplanar distances (d

%91-
), PDF tables interplanar

distances and Miller indices of the re#ecting planes of the three identi"ed phases

R
%91

(cm) d
%91

(As ) d(a-Fe)
(As )

(h, k, l)
(a-Fe)

d(Fe
3
Si)

(As )
(h, k, l)
(Fe

3
Si)

d(Fe
2
B)

(As )
(h, k, l)
(Fe

2
B)

1.24 2.02 2.01 (1, 1, 0) 2.005 (1, 0, 0) 2.01 (1, 0, 0)
1.75 1.43 1.43 (2, 0, 0) 1.42 (2, 0, 0) * *

2.47 1.01 1.01 (2, 2, 0) * * 1.05 (3, 3, 2)
2.77 0.90 0.90 (3, 1, 0) * * 0.90 (5, 1, 2)

can be described by Weiss molecular "eld theory.
The total angular momentum of the iron atoms
turns out to be 5

2
and this implies Fe3` in which the

electronic spins are uncoupled. Once ¹
#

is
achieved, a crystallization process begins, giving
place to three crystalline magnetic phases.

On the other hand, the Curie temperatures of the
nanocrystalline phases were also determined. The
magnetic behavior of these phases is also described
by universal Brillouin curves with J

1
"3

2
,J

2
"5

2
and J

3
"5

2
.

Finally, two of the three phases in which the
system crystallizes were identi"ed as a-Fe and
Fe

2
B. The third phase could be the cubic phase of

Fe
3
Si or a solid solution of a-Fe(Si).
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