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Magnetic ordering in Fe51Co12Si16B8Mo5P8 metallic glass is followed by 57Fe transmission Mössbauer spec-
trometry performed at temperatures ranging from 4.2 K up to 415 K. Low temperature experiments were accom-
plished also in external magnetic field of 6 T oriented parallel to the ribbon plane. Evolution of Mössbauer spectra
with sample temperature shows gradual vanishing of hyperfine magnetic fields. High temperature Mössbauer spec-
tra exhibit clear transition from ferromagnetic to paramagnetic state. In this way, the Curie temperature can be
determined. We have concentrated on samples annealed at 573 K and 673 K, i.e., well below the onset of crys-
tallization. Measurements at 4.2 K revealed rearrangement of spins that is taking place both after the annealing,
as well as in external magnetic field. From high temperature experiments, the Curie temperature of 400 K was
determined for the sample annealed at 673 K.
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1. Introduction

Metallic glasses are still attracting the interest of re-
searchers namely for their very good magnetic properties.
Several new types of P-containing metallic glasses were
recently scrutinized [1, 2]. To enhance their practical ap-
plications, microstructure and soft magnetic properties
of novel compositions are checked, too. The role of B,
P, and Si on thermal stability and glass forming abil-
ity was studied in (Fe1−xCox)78Mo1(B,P,Si)21 alloy [3].
Especially, addition of P has improved the investigated
parameters. Further amelioration of saturation magneti-
zation and the Curie temperature was obtained by sub-
stitution of small amounts of Co for Fe in this alloy.
In a similar system of Fe83−xSi4B10P2Cu1Nbx, the ad-
dition of Nb was systematically investigated to ensure
improved soft magnetic properties [4].

Recently, we have studied the microstructure and
magnetic properties of Fe51Co12Si16B8Mo5P8 metallic
glass [5–8]. We have employed Mössbauer spectrome-
try at room temperature in addition to magnetic mea-
surements. In this way, information was obtained about
the structural arrangement of the as-quenched metallic
glass [5], as well as samples annealed at temperatures
below the onset of crystallization [6–8]. Here, we extend
the previous studies towards Mössbauer measurements
at extended temperature range to follow the evolution of
microstructure, as well as magnetic order.
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2. Experimental details

The Fe51Co12Si16B8Mo5P8 metallic glass ribbons were
prepared by planar flow casting with the width of 6 mm
and average thickness of 20 µm. Their amorphicity
was checked using X-ray diffraction, diffraction of syn-
chrotron radiation, as well as Mössbauer spectrometry.
The latter technique was employed in transmission geom-
etry using 57Co/Rh source of radiation and conventional
constant acceleration spectrometer. Temperature mea-
surements at 4.2 K were performed in a Janis bath cryo-
stat with optional magnetic field of 6 T oriented parallel
to the ribbon plane. High temperature Mössbauer effect
experiments up to 425 K were accomplished in a Wissel
furnace. Mössbauer spectra were evaluated by the fit-
ting software Confit [9] with distributed components that
feature magnetic dipolar and electric quadrupole inter-
actions. In this study, we focus on comparison of low
temperatures and/or external magnetic fields upon as-
quenched and annealed (573 K) samples. In addition,
sample annealed at 673 K is investigated at tempera-
tures higher than 300 K. Annealing of both samples was
performed for 1 h in nitrogen protective atmosphere. Ac-
cording to the results of differential scanning calorimetry,
these annealing temperatures are well below the primary
crystallization temperature of 839 K [6, 8].

3. Results and discussion

Low temperature Mössbauer spectrum of the as-
quenched Fe51Co12Si16B8Mo5P8 metallic glass presented
in the bottom part of Fig. 1, shows magnetically split ab-
sorption lines. To evaluate the results three sextets were
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Fig. 1. Mössbauer spectra of the as-quenched
Fe51Co12Si16B8Mo5P8 metallic glass recorded at
4.2 K without and with external magnetic field.

used. Each sextet was presenting Gaussian distribution
of hyperfine magnetic fields, which were finally summed
up, and then were characterized by an average value of
the resulting hyperfine magnetic field 〈B〉. The used fit-
ting software CONFIT [9] works with the so-called deter-
mining sextet and/or doublet of Lorentzian lines which
are convoluted with a Gaussian distribution. Each spec-
tral component represents one particular environment
of the resonant Fe atoms. The number of the convo-
luted sextets and/or doublets is established by taking
the quality of the fit into account. Relative area, iso-
mer shift, quadrupole shift/splitting, hyperfine magnetic
field, line intensity ratio of the sextets and/or doublets,
and standard deviations of their Gaussian distributions
were fitted parameters.

When external magnetic field was applied, the spec-
trum has collapsed into rather featureless shape, as seen
in the upper part of Fig. 1. The average hyperfine mag-
netic field 〈B〉 has decreased from 17.3 T to 11.7 T
(±0.4 T). The difference of 5.6 T coincides with the value
of the external magnetic field (Bext = 6 T). At the same
time, the magnetic moments are oriented into the di-
rection of Bext. They have rotated from their origi-
nally canted orientation (Θ = 66.7◦) into the plane of
the ribbons (Θ = 90◦).

The angle Θ determines the orientation of the net mag-
netic moment of the sample with respect to the direction
of the γ-rays from the source. It can be calculated as:

Θ = sin−1

(√
3(A2,5/A1,6)

1 + 3(A2,5/A1,6)

)
,

where A2,5 and A1,6 are relative areas of the Mössbauer
spectral lines 2, 5 and 1, 6, respectively. In case of
randomly oriented spins (e.g., in powder) one can have
the so-called magic angle Θ = 54.7◦. For Θ = 0◦

Fig. 2. Mössbauer spectra of
the Fe51Co12Si16B8Mo5P8 metallic glass annealed
at 573 K/1 h recorded at 4.2 K without and with
external magnetic field.

the spins are oriented perpendicular to the ribbon plane,
whereas for Θ = 90◦ they acquire parallel directions. It is
noteworthy that the angle Θ is an average value resulting
from the contributions of all spins.

Similar situation occurs also in the sample that was
annealed at 573 K for 1 hour, as demonstrated in Fig. 2.
Nevertheless, even though the difference in 〈B〉 in this
case is almost the same (5.7 T), rather pronounced devi-
ations in the directions of the magnetic moments are ob-
served. In the absence of Bext, one can have Θ = 56.7◦,
which means that the spins are oriented more in the out-
ward direction with respect to the ribbon plane than in
the as-quenched sample. In fact, they exhibit close-to-
random arrangement that is characterized by Θ = 54.7◦.
On the other hand, the applied Bext was not strong
enough to tilt the spins into a complete in-plane align-
ment. Therefore, they are oriented at Θ = 80.5◦. We can
conclude that the annealing affects the structural short-
range order which, in turn, is demonstrated in the be-
havior of the magnetic moments.

Mössbauer spectra of the sample annealed at 673 K
were collected at temperatures ranging from 295 K up
to 415 K. The obtained fits to the recorded experimental
Mössbauer spectra are shown in Fig. 3. The fitting model
consisted of a combination of distributed sextets and dou-
blets. According to the temperature of measurement,
only sextets, sextets plus doublets, and only doublets
were adopted towards the increasing temperature. It is
clearly seen that the broadened room-temperature sextet
(thick black line) continuously narrows with rising tem-
perature as indicated by the arrows. Finally, at ∼ 395 K
the magnetic sextet collapses, and a distributed doublet
appears (thick red line). With further temperature in-
crease its contribution to the spectrum prevails.
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Fig. 3. Mössbauer spectra of
the Fe51Co12Si16B8Mo5P8 metallic glass annealed
at 673 K/1 h recorded at the temperatures from 295 K
to 415 K. The temperature rises in the direction of
the arrows. For clarity, only the theoretically calculated
fits are displayed.

Fig. 4. Temperature dependence of relative spectral
areas obtained from the evaluation of Mössbauer spec-
tra of the Fe51Co12Si16B8Mo5P8 metallic glass annealed
at 673 K/1 h.

Consequently, the Mössbauer spectra were evaluated
by a magnetic component, which was modelled by dis-
tributed sextets and a non-magnetic component. The
latter represents electric quadrupole interactions of a dis-
tributed doublet, and belongs to paramagnetic regions in
the metallic glass. Relative areas of both spectral com-
ponents are plotted in Fig. 4 as a function of the tem-
perature of measurement. At temperatures higher than
397 K, this sample becomes paramagnetic.

Average hyperfine magnetic fields were derived from
the fits to the Mössbauer spectra. The results are plot-
ted against the measurement temperature in Fig. 5 and
marked by open symbols. Additionally, they were fitted
with a temperature dependence of hyperfine magnetic
field Bhf(T ) applying an approach that assumes similar
behavior of Bhf (T ) as that of magnetization at tempera-
tures lower but close to the Curie point [6, 10] considering

Fig. 5. Temperature dependence of average hyperfine
magnetic field obtained from the evaluation of Möss-
bauer spectra of the Fe51Co12Si16B8Mo5P8 metallic
glass annealed at 673 K/1 h (see text).

the critical exponent β = 36. The resulting curve (red
line in Fig. 5) gives TC = 400 K which is in accord with
the temperature of dominant contribution of the doublet
component in the Mössbauer spectra (Fig. 4). The ob-
tained TC is slightly higher than that of the as-quenched
sample (TC = 392 K [5]).

The Curie temperature of 411 K was obtained from
the temperature dependence of the normalized mag-
netization which was recorded in external magnetic
µ0H = 25 mT using the same metallic glass annealed
at 673 K [8]. Namely the use of external magnetic
field might be responsible for the differences observed
in the TC-values. It should be noted that due to techni-
cal limitations it was possible to measure the magnetiza-
tion only up to 400 K [8]. Consequently, TC was deter-
mined by extrapolating the fit of the experimental data.
Similar situation was encountered in the determination
of TC of the as-quenched alloy where the values of 400 K
and 392 K [5] were obtained from magnetic measure-
ments and Mössbauer data, respectively. The compara-
ble differences in TC-values presumably stem from miscel-
laneous techniques applied for their determination. Nev-
ertheless, the trend of increasing TC after the annealing
is maintained. This is an indication that after isothermal
annealing, the local microstructure of this metallic glass
is modified which affects also its magnetic parameters.
It is noteworthy, that upon the studied samples we have
performed also experiments of Conversion Electron Möss-
bauer Spectrometry (CEMS) which are sensitive to
modifications of the surface microstructure. Because
no traces of surface crystallization were found we can
ascribe the observed effects to the modifications of
the samples’ bulk.

4. Conclusions

Evolution of magnetic ordering that takes place
in Fe51Co12Si16B8Mo5P8 metallic glass was followed
by Mössbauer spectrometry performed at different
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temperatures. Experiments at low temperature of 4.2 K
pointed out differences in the spin arrangement between
the as-quenched metallic glass and that of isothermally
annealed at 573 K/1 h. In the latter, the spins acquired
almost random arrangement. Even external magnetic
field of 6 T oriented parallel to the ribbon plane was
not able to rotate all spins into its direction.

Mössbauer effect measurements performed in temper-
ature region from 295 K to 415 K exhibited dramatic
evolution of the spectra. The absorption lines progres-
sively varied from magnetically split sextets to paramag-
netic doublets. Relative contribution of the individual
spectral components, as well as average hyperfine fields
of the magnetic sextet helped in the determination of
the Curie temperature. Therefore, TC = 400 K is the re-
sult obtained for Fe51Co12Si16B8Mo5P8 metallic glass
isothermally annealed at 673 K/1 h.
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