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RESONANCE PROPERTIES
AND MAGNETIC ANISOTROPY
OF NANOCRYSTALLINE Fe73 Cu1 Nb3 Si16 B7 ALLOY

Resonance properties of nanocrystalline ribbons of Fe73 Cu1 Nb3 Si16 B7 alloy annealed with the
use of an electric current under a tensile stress of 180 MPa have been studied within the ferromagnetic resonance method. Two kinds of ferromagnetic regions with different anisotropic
behaviors that coexist in the alloy after the annealing are detected. One of them is amorphous
and weakly magnetically anisotropic, whereas the other is characterized by a pronounced uniaxial magnetic anisotropy and corresponds to the nanocrystalline phase. Quantitative estimations
of magnetic parameters in two magnetic phases of the alloy are made.
K e y w o r d s: ferromagnetic resonance, amorphous ribbon, nanocrystalline alloy, magnetic
anisotropy.

1. Introduction
Nowadays, soft magnetic nanocrystalline alloys belonging to the Fe-Nb-Cu-Si-B system [1] are widely
used in magnetic circuits of various inductive components (transformers and chokes). The formation of
𝛼-Fe(Si) nanocrystals in those alloys under their heat
treatment is known to improve their soft magnetic
characteristics. After a graduated annealing, the volume fraction of the nanocrystalline phase in those
alloys is about 80%, with the average size of nanocrystallites varying from 10 to 12 nm [1–5]. In the
alloys of this type, the shape of a hysteresis loop
can be changed by inducing the uniaxial magnetic
anisotropy making use of either the annealing in an
external magnetic field [6–8] or annealing under tensile stresses [9–12].
Magnetic circuits with a pronounced magnetic
anisotropy possess a number of advantages. The main
of them are the high-frequency stability of the magnetic permittivity [13, 17] and low losses in the most
widely used frequency interval ranging from 10 to
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100 kHz [13–17]. Those advantages attract a considerable interest to the conditions and possibilities of
the formation of the transverse magnetic anisotropy
in nanocrystalline alloys in order to obtain the highest possible magnetic characteristics. Therefore, extended studies of the magnetic resonance are required
for understanding the behavior of the nanocrystalline
and residual amorphous phases that are formed in
nanocrystalline alloys after their annealing.
The rapid heating of an amorphous ribbon, which
was fabricated from Fe73 Cu1 Nb3 Si16 B7 alloy in the
course of its isothermal annealing making use of the
electric current induces the appearence of a magnetic anisotropy in this ribbon, which is transverse
to the current direction [18]. The origin of this phenomenon has been poorly examined. One of its possible origins can be the formation of various magnetic phases with an induced magnetic anisotropy
in the amorphous matrix during the annealing of
this amorphous alloy. In order to detect such phases,
the ferromagnetic resonance (FMR) method is used
in this work. This method makes it possible to detect the presence of various magnetic phases in multicomponent alloys with high efficiency and to obtain the information about magnetic parameters of
those phases. Accordingly, the resonance properties
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of Fe73 Cu1 Nb3 Si16 B7 alloy ribbons are studied, and
the magnetic anisotropy constant 𝐾u of this nanocrystalline alloy after the isothermal annealing with
the help of an electric current is evaluated.
2. Experimental Samples and Methods
R
The amorphous alloy Fe73 Cu1 Nb3 Si16 B7 MELTA○
MM-11N (hereafter, MM-11N) was obtained in the
form of a ribbon 20 𝜇m in thickness and 10 mm in
width by casting a flat melt flow. After its melting in
a quartz tube (a melt temperature of 1400 ∘ C) and in
a protective atmosphere of carbon dioxide, the alloy
was planarly poured under a pressure of 20 kPa onto
a chrome bronze wheel 620 mm in diameter through
a narrow rectangular gap 0.4 × 10 mm2 in size and
located at a distance of 0.2 mm from the wheel, which
rotated at a linear velocity of 25 m/s. The ultrarapid
cooling of a melt resulted in the formation of a ribbon
of the amorphous Fe73 Cu1 Nb3 Si16 B7 alloy.
The transverse magnetic anisotropy was induced in
the amorphous MM-11N ribbon by quickly crystallizing the latter in the air environment with the help
of the high-rate ribbon heating for 3.7 s using the
electric current with a density of 42 A/mm2 and simultaneously stretching the ribbon along its axis with
a stress of up to 180 MPa.
The ferromagnetic resonance spectra of the MM11N ribbons were registered at room temperature
and at a frequency of 9.45 GHz (the X-band) using an electron paramagnetic resonance spectrometer ELEXSYS-E500 (Bruker BioSpin GmbH, Germany). The application of an automatic goniometer
made it possible to obtain the angular dependences
of the resonance fields in two measurement configurations (Fig. 1). The effective magnetization of the
ferromagnetic regions in MM-11N alloy, 𝑀eff , was calculated from the FMR measurements using the Kittel
system of equations [19]
𝜔
= 𝐻⊥ − 4𝜋𝑀eff ,
𝛾
(1)
𝜔 √︀
= 𝐻‖ (𝐻‖ + 4𝜋𝑀eff ),
𝛾

where 𝐻⊥ and 𝐻‖ are resonance fields for the perpendicular and parallel, respectively, orientations of the
magnetic field H with respect to the MM-11N ribbon
plane, 𝜔 is the frequency of the applied ultrahighfrequency magnetic field, and 𝛾 is the gyromagnetic
ratio. The values of the parameters 𝐻⊥ , 𝐻‖ , 𝜔, and
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Fig. 1. Typical sizes of specimens studied for FMR and two
measurement configurations with the magnetic field H applied
(𝑎) in the ribbon plane and (𝑏) in the plane including the normal n to the ribbon surface and perpendicularly to the MM11N ribbon axis (the ribbon axis is parallel to the direction of
an electric current at the sample annealing)

𝛾 were found experimentally. By analyzing the halfwidth of the FMR lines of magnetic phases, the information concerning the magnetic and structural heterogeneity of each phase was obtained. When doing
so, the fact that the half-width of the FMR lines increases with the magnetic inhomogeneity in MM-11N
alloy was taken into account.
It should be noted that the Kittel formulas are rigorously applicable only to an ellipsoid that is uniformly magnetized over its volume and is such that
the microwave field in it is uniform. For metallic magnets, such conditions are satisfied, if the skin-layer
depth exceeds the specimen thickness [20]. For specimens manufactured following the procedure described
in this work, but subjected to the annealing for a
time interval that was three times longer, the specific
electrical resistance was equal to 1.16 × 10−6 Ω m
[18]. The skin-layer depth is about 18 𝜇m at a frequency of 9.45 GHz in this case. Since the shorter
annealing times lead, as a rule, to the formation of
specimens with higher specific resistances [18], the
skin layer in the specimens examined in this work
should be expected to exceed the specimen thickness
(20 𝜇m). Therefore, the application of Kittel equations (1) is correct in this case.
The obtained angular dependences of the resonance
fields were analyzed on the basis of the Smit–Beljers
FMR formalism [21] making use of the following expression for the free energy of a ferromagnetic alloy:
𝐹 = MH − 0.5𝑀 𝐻ua cos 𝜙 sin 𝜃 +
+ 0.5𝑀 (4𝜋𝑀eff ) cos2 𝜃.

(2)

3. Results and their Discussion
In Fig. 2, the angular dependences of the FMR absorption spectra registered at the orientation of an
external magnetic field H (a) in the plane of the MM-

943

A.M. Pogorily, D.M. Polishchuk, A.I. Tovstolytkin et al.

Fig. 2. Angular dependences of the FMR absorption spectra
obtained, when the external magnetic field H is oriented in the
plane of the MM-11N ribbon (𝑎) and in the plane including the
normal n to the ribbon surface (𝑏) (see Fig. 1)

11N ribbon (panel 𝑎) and in the plane of the normal n
to the ribbon surface (panel 𝑏) are shown (see Fig. 1).
The angular dependences of the FMR spectra
measured in the MM-11N ribbon plane (Fig. 2, 𝑎)
demonstrate two distinct lines of resonance absorption. Those lines evidently correspond to two types of
coexisting ferromagnetic regions with different magnetic properties: the amorphous (FM1) and nanocrystalline (FM2) ones. The different characters of
the angular dependences for two resonance lines testify that those two regions have absolutely different
magnetic anisotropies. The resonance field of line 1
is practically independent of the magnetic field orientation, which evidences that region 1 is magnetically isotropic. At the same time, the angle dependence of the resonance field of line 2 exhibits the pronounced 180∘ symmetry, which testifies to the uniaxial magnetic anisotropy in region 2, with the easy
anisotropy anisotropy axis coinciding with the direction of an electric current applied at the annealing
(ribbon axis). Thus, resonance line 2 corresponds to
those FM regions in the nanocrystalline phase (FM2),
for which the magnetic anisotropy was expected. On
the other hand, line 1 corresponds to magnetically
isotropic amorphous regions (FM1).
The FMR spectra registered in the “perpendicular”
configuration (Fig. 2, 𝑏) also reveal two resonance
lines, whose positions vary depending on the orientation of the field H. The observed angular dependences are a result of the sample shape anisotropy,
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because the MM-11N samples were cut out from a
ribbon. The spectrum marked as 𝜃H = 90∘ in Fig. 2, 𝑏
corresponds to the spectrum marked as 𝜙H = 90∘ in
Fig. 2, 𝑎, which allows an unambiguous correspondence to be established between the resonance lines
measured in two configurations. A detailed analysis of
the line shift in the spectra corresponding to the “perpendicular” configuration revealed the position exchange between lines 1 and 2, when line 2 is observed
at lower fields than line 1 at the angle 𝜃H = 0∘ . Since
the resonance field is proportional to the sample magnetization [see expressions (1)], this behavior proves
that regions 2 have a lower effective magnetization
than regions 1.
The different relative intensities of resonance lines,
which were revealed for two measurement configurations, should be associated with different values
of the absorption coefficient in two FM regions of
the MM-11N sample, which depends on the orientation of the magnetic component of the microwave
field with respect to the ribbon plane: either perpendicular (Fig. 2, 𝑎) or parallel (Fig. 2, 𝑏) to the
ribbon plane. Therefore, the intensities of resonance
lines cannot be used to evaluate the volume fractions
of the corresponding regions. At the same time, X-ray
structural data [18] demonstrate that the nanocrystalline phase, which corresponds to resonance line 2,
comprises about 75 vol%.
Figure 3 exhibits the angular dependences of the
FM resonance fields for the two detected resonance
lines 1 and 2 registered in two measurement configurations. The dependences were calculated using
the numerical description of experimental spectra
with the help of the Lorentzian function. The obtained angular dependences of the resonance fields
were characterized in the framework of the Smit–
Beljers FMR formalism (2). The calculated angular
Magnetic parameters of the FM1
and FM2 regions in a ribbon of MM-11N alloy
Parameter

Region FM1

Region FM2

𝑀eff , kA/m
𝐵eff , T
𝐾u , kJ/m3
𝐾u* , kJ/m3
𝑔eff

1300
1.63
–
1.8
2.13

810
1.02
21
1.8
1.91

*

This value was obtained from the magnetic reversal loop measurements.
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Fig. 3. Angular dependences of the FM resonance fields for two detected resonance lines 1
and 2, when the external magnetic field H is applied in the plane of the MM-11N ribbon (𝑎)
and in the plane including the normal n to the ribbon surface (𝑏) (see Fig. 1)

dependences of resonance fields are shown in Fig. 3
by solid curves. The calculated dependences describe
the experimental results rather well.
The calculations showed that the angular dependences of the resonance field for line 2 in the ribbon
plane are governed by the magnetic anisotropy of the
“easy axis” type (for comparison, line 1 does not reveal any distinct anisotropy). At the same time, the
angular dependences in the “perpendicular” configuration are governed by the sample shape anisotropy
for both lines. By fitting the experimental data, the
values of the effective magnetization 𝑀eff and the effective field of uniaxial anisotropy 𝐻ua were calculated for each of the two regions. It should be noted that
the results exhibited in Figs. 3, 𝑎 and 𝑏 were calculated together and are characterized by the same parameter values for two measurement configurations.
In Fig. 4, a comparison is made for the values
of the demagnetization field (magnetic induction),
4𝜋𝑀eff , obtained for two FM regions and the uniaxial anisotropy field 𝐻ua obtained for the FM2 region. The significantly larger value for the demagnetization field in the FM1 region should be associated with its much higher magnetization as compared
with that in region FM2. In turn, the anisotropy field
𝐻ua obtained for the FM2 region can be recalculated into the uniaxial anisotropy constant as follows:
𝐾u = 1/2𝜇0 𝑀eff 𝐻ua .
In Table, the values of the effective magnetization
4𝜋𝑀eff and the magnetic induction 𝐵eff obtained for
the FM1 and FM2 regions are compared, as well as
the values of the anisotropy constant 𝐾u obtained
on the basis of the FMR measurements and the
measurements of the dynamic hysteresis loop. The
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Fig. 4. Effective anisotropy fields of the ferromagnetic FM1
and FM2 phases in the ribbon of MM-11N alloy

value 𝐾u = 21 kJ/m3 obtained from the FMR data
for the FM2 regions does not agree with the value
𝐾u = 1.8 kJ/m3 obtained from the dynamic hysteresis loop taking place at the magnetic reversal of the
core wound from the examined ribbon. In the latter
case, the value of 𝐾u was calculated from the area
above the reverse magnetization loop (measured at
a frequency of 1 kHz) by numerically integrating the
quantity 𝐻Δ𝐵. The discrepancy between the quantitative estimates obtained from the resonance and
magnetometric measurements testifies to a complicated magnetic state of the alloy, which is a subject
of further researches.
4. Conclusions
Using the ferromagnetic resonance method, the resonance properties of nanocrystalline ribbons fabricated from Fe73 Cu1 Nb3 Si16 B7 alloy and annealed
with the help of an electric current under a tensile
stress of 180 MPa have been studied. The angular
dependences of the corresponding FMR spectra re-
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vealed two angles of a resonance absorption, which
correspond to ferromagnetic regions of two types with
different anisotropic behaviors. The ferromagnetic regions of the first type are weakly anisotropic, whereas
the regions of the second type are characterized by
a pronounced uniaxial magnetic anisotropy. On the
basis of the FMR formalism, the magnetic parameters of the ferromagnetic regions are calculated. A
conclusion is made that the regions of the first type
correspond to the amorphous phase, and the region
of the second type to the nanocrystalline one. The
both phases coexist in the annealed samples fabricated from the amorphous alloy.
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РЕЗОНАНСНI ВЛАСТИВОСТI ТА МАГНIТНА
АНIЗОТРОПIЯ НАНОКРИСТАЛIЧНОГО СПЛАВУ
Fe73 Cu1 Nb3 Si16 B7
Резюме
Методом феромагнiтного резонансу дослiджено резонанснi властивостi нанокристалiчних стрiчок сплаву
Fe73 Cu1 Nb3 Si16 B7 , вiдпалених електричним струмом пiд
розтягувальним напруженням 180 МПа. Виявлено, що
пiсля вiдпалу в сплавi спiвiснують два типи феромагнiтних
областей з рiзною анiзотропною поведiнкою. Перша з них
є аморфною i слабко магнiтно анiзотропна, тодi як друга
область характеризується яскраво вираженою одноосною
магнiтною анiзотропiєю i вiдповiдає нанокристалiчнiй
фазi. Зроблено кiлькiснi оцiнки магнiтних параметрiв двох
магнiтних фаз сплаву.
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