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Introduction

From the thermodynamic point of view, amorphous
structure is not stable and during annealing tends
through metastable states towards crystalline state. Due
to the lack of long range atom ordering, the structure
changes involve topological short range order (TSRO)
and chemical short range order (CSRO) of atoms. The
changes in TSRO and CSRO are called structure
relaxations [2]. Mössbauer spectroscopy is a powerful
tool for these relaxations studies because hyperfine
interactions, especially quadrupole splitting (QS), are
sensitive to the local environment.

The amorphous Fe90Zr7B3 alloy is a precursor of
NANOPERM-type nanocrystalline material obtained
by the conventional annealing [13]. The Curie tempera-
ture of this alloy is below room temperature, so at and
above the ambient temperature quadrupole interaction
is not hidden by the much stronger magnetic one. For
this reason, the material is a good candidate for struc-
ture relaxations studies in the amorphous state. The
amorphous Fe90Zr7B3 alloy crystallizes in two stages [8].
At the first stage, the α-Fe precipitations occur in the
residual amorphous matrix, and at the second, the cry-
stallization of the matrix takes place. When the volume
fraction of the crystalline phase after primary crystal-
lization is about 0.6–0.7, owing to the averaging out of
the magnetic anisotropy, the material exhibits excellent
soft magnetic properties, i.e. low coercivity, high magnetic
permeability and high saturation magnetization, provided
that the residual amorphous phase is in the ferromag-
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Abstract. Transmission Mössbauer spectra and high-resolution electron microscopy investigations for amorphous
Fe90Zr7B3 alloy in the as-quenched state and after annealing in vacuum at temperatures 673, 723 and 743 K have been
performed. In the as-quenched state the microstructure reveals the presence of medium range order BCC- or FCC-like
structure regions 1−3 nm in size which grow during annealing at 673 K being the nuclei of grains of α-Fe phase. After
annealing at 723 K for 1 h, the grains 16 nm in diameter and with the average distance of 110 nm between them are
embedded in the paramagnetic amorphous matrix. This distance is large enough to prevent magnetic interaction between
the grains, and superparamagnetic behavior is observed. After longer annealing at 723 K and at 743 K, the Mössbauer
spectra show a crystalline component of the α-Fe phase with the inhomogeneous amorphous matrix consisting of para-
and ferromagnetic phases. The hyperfine induction of the crystalline phase slightly increases with time and annealing
temperature which is ascribed to the faster diffusion of atoms.
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netic state. The soft magnetic properties deteriorate
drastically at temperatures higher than the Curie point
of the amorphous matrix [5]. For alloys containing Fe
atoms, Mössbauer spectroscopy is a very useful method
for qualitative and quantitative phase analyses in nano-
crystalline materials [3, 6]. Ohkubo et al. [10] performed
studies of structural changes during the primary crystal-
lization of the amorphous Fe90Zr7B3 alloy by means of
modern electron microscope techniques, and proposed
the model for local structure changes of Fe90Zr7B3 alloy
during annealing. They observed the existence of the
BCC-like medium range order (MRO) regions in the
as-quenched state and their growth during annealing,
being the nuclei of α -Fe  grains in the primary
crystallization.

In this paper, we have used Mössbauer spectroscopy
to investigate structure relaxations in the amorphous

Fe90Zr7B3 alloy, subjected to annealing at 3 different
temperatures; below and above the onset of the primary
crystallization. For the same stages of annealing, the
high-resolution electron microscopy (HREM) observa-
tions have been performed.

Experimental procedure

Amorphous Fe90Zr7B3 alloy ribbons were prepared by
the melt spinning method. The ribbons were about
20 µm thick and 1.5 cm wide. The square specimens
1.5 × 1.5 cm2 were subjected to the accumulative
annealing in vacuum of 1.33 × 10−3 Pa at 3 temperatures:
Ta1 = 673 K, Ta2 = 723 K and Ta3 = 743 K. According
to the DSC results reported in [8], the first annealing
temperature is below the start of the primary crystalli-

Fig. 1. Transmission electron microscope images for the amorphous Fe90Zr7B3 alloy: (a) as-quenched state, (b, c) after annealing
at Ta2 = 723 K for 1 h and (d) after annealing at Ta2 = 723 K for 2 h. Selected area diffraction patterns are shown as insets.
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zation and only relaxations within the amorphous state
are expected. The second is the onset of the primary
crystallization, and the third lies in the primary crystalli-
zation range. At each stage of heat treatment, the
transmission Mössbauer spectra were recorded at room
temperature for all samples by means of a conventional
constant acceleration spectrometer with a 57Co(Rh)
source. The spectrometer was calibrated and the isomer
shift (IS) was determined with respect to the α-Fe poly-
crystalline foil. To improve the resolution, the spectra
for specimens exhibiting only quadrupole splitting were
recorded also at narrow velocity range. Fittings were
carried out by NORMOS package written by Brand [1].
The microstructure of the samples and its changes after
each annealing were observed by high-resolution
electron microscopy. A JEM 3010 microscope was used.

Results and discussion

In Fig. 1 the high-resolution electron microscope images
and the corresponding electron diffraction patterns of
the selected areas, as insets, for the amorphous
Fe90Zr7B3 alloy in the as-quenched state and after
annealing for 1 and 2 h at Ta2 = 723 K are shown. In
the as-quenched state the microstructure and electron
diffraction pattern are typical of the amorphous state,
although in the encircled areas fringe like structure
ascribed to MRO regions with a size of 1–3 nm are
visible (Fig. 1a). After annealing at Ta2 = 723 K for 1 h,
the crystalline grains of α-Fe phase appear in the amor-
phous matrix (Fig. 1b). The average size of the grains is
about 16 nm and the average distance between the
boundaries of the adjacent grains is about 110 nm.
HREM image, showed in Fig. 1c, indicates that the
grains are not regular in shape and MRO regions are
also presented in the residual amorphous matrix. After
heat treatment for 2 h at the same temperature
(Fig. 1d) the mean size of the α-Fe grains remains the

same (16 nm) with the average distance of 40 nm
between them.

The transmission Mössbauer spectra for the
amorphous Fe90Zr7B3 alloy in the as-quenched state and
after accumulative annealing at Ta1 = 673 K are
depicted in Fig. 2A. Typical of amorphous paramagnetic
material spectra are asymmetric indicating correlation
between IS and QS. The distributions P(QS), shown in
Fig. 2B, are obtained assuming a linear correlation
between IS and QS. It is worth noticing that the P(QS)
distributions exhibit three characteristic points; not
vanishing probability for QS = 0 and two local maxima,
P1 and P2 (Fig. 2B). Non-zero probability P0 = P(QS)=0
means that there are Fe sites in the amorphous structure
with cubic symmetry of atom arrangement in the nearest
neighborhood. These Fe sites may be attributed to the
MRO domains (Fig. 1). Two local maxima P1 and P2 of
P(QS) distribution correspond to the Fe sites having
only Fe atoms with local symmetry lower than cubic in
atom arrangement and Fe and Zr atoms in the nearest
neighborhood, respectively. The probability of P0
increases, whereas P1 and P2 decrease with time of
annealing at Ta1 = 673 K (Fig. 3). According to P(QS)
distributions, the spectra shown in Fig. 2A, can
be decomposed into three subspectra: two quadrupole
doublets and a single line. Such a decomposition for
the sample in the as-quenched state is presented in
Fig. 4 as an example. The quadrupole splittings of the

Fig. 3. The probability P0, P1 and P2 vs. the annealing time at
Ta1 = 673 K for the amorphous Fe90Zr7B3 alloy.

Fig. 4. Decomposition of the Mössbauer spectrum for the
amorphous Fe90Zr7B3 alloy in the as-quenched into two
quadrupole doublets (dashed and dotted lines) and a single
line (solid).

Fig. 2. Transmission Mössbauer spectra (A) and
corresponding P(QS) distributions (B) for the amorphous
Fe90Zr7B3 alloy in the as-quenched state (a) and after
annealing at Ta1 = 673 K for: 1 h (b), 2 h (c), 3 h (d), 4 h (e),
5 h (f) and 6 h (g). Characteristic points of the P(QS)
distributions are denoted as P0, P1 and P2.
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doublets are equal to QS1 = 0.26 ± 0.01 mm/s and QS2
= 0.57 ± 0.01 mm/s and remain, within the experi-
mental error, almost unchanged after annealing at
Ta1 = 673 K. The best fitting is obtained assuming the
fixed values of the half widths of the first doublet
and the singlet to be 0.194 mm/s, whereas the half width
of the second doublet is fitted and amounts to
0.311 ± 0.001 mm/s. The isomer shift of the single-line
component is equal to IS = −(0.06 ± 0.003) mm/s and
the area increases from 18% to 24% of the whole
spectrum area at the expense of the doublet areas which
decrease after annealing at Ta1 = 673 K. It means that
MRO domains, understood as an assembly of Fe sites
with cubic symmetry of Fe atoms arrangement, grow in
the course of annealing at Ta1 = 673 K. As mentioned
above, Ohkubo et al. claim, basing only on modern
electron microscope observations [10] that the MRO
regions are BCC-like Fe structure and growing during
annealing become the nuclei of α-Fe crystalline phase.
On the other hand, Fernández-Gubieda et al. report,
using the EXAFS method [4] that the average Fe-Fe
coordination number in the amorphous Fe91Zr7B2 alloy
is higher than 11. Taking into account that the
coordination number of the α-Fe phase with FCC
structure is equal to 12 and the isomer shift to
−0.09 mm/s [7], one can believe that the MRO regions
are not only BCC-like but FCC-like Fe structure, as
well. So, crystallization takes place not only by simple
growth of the BCC-like Fe structure but also by more
collective process of atom arrangements involving
FCC-BCC transformation, because the product of the
primary crystallization is mainly α-Fe phase [10].

The transmission Mössbauer spectra for the amor-
phous Fe90Zr7B3 alloy in the as-quenched state and after
accumulative annealing at Ta2 = 723 K for 1–5 h and at
Ta3 = 743 K for 1–3 h are depicted in Figs. 5A and 5B.
After annealing at Ta2 = 723 K for 1 h, the spectrum
does not show the crystalline component (Fig. 5Ab),
whereas the micrograph reveals the presence of α-Fe
grains in the amorphous matrix (Fig. 1b). The critical
diameter for a single magnetic domain of α-Fe particles
is about 50 nm [9]. The α-Fe grains of 16 nm in average
size can be treated as single domain particles embedded
in paramagnetic amorphous matrix. Because the
distance between the adjacent grains is large enough
(110 nm) to prevent magnetic interaction, they behave
like superparamagnetic particles. The reciprocal of
the superparamagnetic relaxation time is higher than the
nuclear Larmor precession frequency, so the effective
magnetic field at Fe nuclei is averaged out to zero and,
consequently, the sextet in the Mössbauer spectrum is
not present (Fig. 5Ab). When the annealing time is 1 h
longer, the average grain size remains the same but the
distance between them decreases leading to the  occur-
rence of magnetic dipolar interaction between grains
and the spectrum shows the α-Fe component (Fig. 5Ac).
In this case the prolongation of the superparamagnetic
relaxation time for some grains may not be excluded.
The spectra, which exhibit the α-Fe sextet, were fitted
using one crystalline component and two distributions
of the quadrupole splitting in paramagnetic and
hyperfine induction in ferromagnetic phase of the
amorphous matrix. The last phase contains also atoms

lying in the interface [11]. This kind of fitting is
presented in Fig. 5Bc, as an example. Figure 5Bd shows
that the amorphous matrix of the sample annealed at
Ta3 = 743 K for 3 h does not reveal the paramagnetic
phase. In Table 1 are listed: the value of the hyperfine
induction, Bcr, the isomer shift, IScr, volume fraction, x
for the crystalline α-Fe phase, the average value of the
quadrupole splitting, QSav, its standard deviation, ∆QS,
in paramagnetic and the average hyperfine induction,
Bav, its standard deviation, ∆Bhf, in ferromagnetic phase
of the amorphous matrix for the Fe90Zr7B3 amorphous
alloy in the as-quenched state and after annealing at
Ta2 = 723 K and Ta3 = 743 K. As can be seen from
Table 1, the hyperfine induction of the α-Fe phase, Bcr,
slightly increases with time and annealing temperature.
It is due to the fact that the Zr atom diffusion out of
the crystalline grains is faster at higher annealing tem-
perature. It is worth noticing that the volume fraction
of α-Fe phase also increases with time and annealing
temperature (Table 1). The appearance of the crystal-
line phase effects the short range order in residual
amorphous matrix, which becomes more inhomo-
geneous, because ∆QS and ∆B in the amorphous matrix
increase with time and annealing temperature (Table 1).
The regions close to the grains are poorer in Fe atoms
than the parent alloy and they are coupled ferromag-
netic giving rise to the ferromagnetic phase within the
amorphous matrix. The average hyperfine induction of
the ferromagnetic phase in the amorphous matrix, Bav,
also increases, because the higher the volume fraction
of the crystalline phase the lower Fe atoms concentra-
tion in the matrix which are ferromagnetic coupled. The
Curie temperature of this phase may additionally be
enhanced due to exchange interaction penetration from
a grain via the interface to the matrix [11, 12]. The
satellite sharp lines visible in Figs. 5Ae, 5Af, 5Bc and

Fig. 5. Mössbauer spectra for the amorphous Fe90Zr7B3 alloy
in the as-quenched state (a) and subjected to annealing at
Ta2 = 723 K (A) and Ta3 = 743 K (B) for: 1 h (b), 2 h (c), 3 h
(d), 4 h (e) and 5 h (f). An example fitting is depicted for the
sample annealed at Ta3 = 743 K for 2 h. Solid line – crystalline
component, dashed line – ferromagnetic phase and dotted
line – paramagnetic phase of the amorphous matrix.
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5Bd correspond to the component with the hyperfine
field about 29 T which is ascribed to the interface [11]
because other crystalline phases (for example borides)
are not detected by electron microscope.

Conclusions

− The amorphous Fe90Zr7B3 alloy subjected to accu-
mulative annealing for 6 h at Ta1 = 673 K does not
show crystallization. The structure relaxations within
the amorphous state lead to the growth of the MRO
regions which may exhibit BCC- or FCC-like
structure and become the nuclei of crystalline phase.

− After annealing of the amorphous Fe90Zr7B3 alloy
for 1 h at Ta2 = 723 K, the average size of the
crystalline grains and the average distance between
them are about 16 nm and 110 nm, respectively. The
Mössbauer spectrum does not reveal the crystalline
component due to superparamagnetic relaxation
effect.

− The hyperfine induction of the crystalline α-Fe
phase slightly increases with time and annealing
temperature, owing to the Zr atoms diffusion out
of the grains.

− After annealing at Ta2 = 723 K and Ta3 = 743 K, the
amorphous matrix consists of two phases; paramag-
netic and ferromagnetic. The inhomogeneity of the
matrix increases with time of annealing at both
temperatures.
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Table 1. The values are listed of the hyperfine induction, Bcr, isomer shift, IScr, volume fraction, x for the crystalline α-Fe
phase, average value of the quadrupole splitting, QSav, its standard deviation, ∆QS, in paramagnetic and the average hyperfine
induction, Bav, its standard deviation, ∆B, in ferromagnetic phase of the amorphous matrix for the Fe90Zr7B3 amorphous alloy
in the as-quenched state and after annealing at Ta2 = 723 K and Ta3 = 743 K. Uncertainties for the last significant figure are
given in brackets

Thermal history    Bcr     IScr    x   QSav   ∆QS    Bav   ∆B
of the sample    (T)  (mm/s)  (%) (mm/s) (mm/s)    (T)   (T)

As-quenched − − − 0.412(1) 0.260(1) − −

723 K/1 h − − − 0.428(1) 0.274(1) − −

723 K/2 h 32.99(1) −0.029(1) 39(1) 0.444(1) 0.294(1) 9.07(1) 7.67(1)

723 K/3 h 33.03(1) −0.027(1) 46(1) 0.451(1) 0.298(1) 9.45(1) 7.76(1)

723 K/4 h 33.06(1) −0.025(1) 51(1) 0.454(1) 0.309(1) 9.79(1) 7.86(1)

723 K/5 h 33.14(1) −0.026(1) 56(1) 0.600(1) 0.334(1) 10.66(1) 7.99(1)

743 K/1 h 33.08(1) −0.027(1) 38(1) 0.432(1) 0.281(1) 9.88(1) 7.28(1)

743 K/2 h 33.11(1) −0.026(1) 52(1) 0.484(1) 0.335(1) 10.76(1) 7.62(1)

743 K/3 h 33.13(1) −0.027(1) 65(1) − − 14.28(1) 7.96(1)
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