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Abstract

The correlation between dynamic magnetic domain formation and dynamic magnetization loss is studied in nanocrystalline FeCuNb-
SiB tape wound cores with different strengths of transverse field-induced anisotropy. A significant excess loss component is measured, in
particular for high induction levels. The excess loss cannot be explained by homogeneous magnetization rotation, the ideal magnetization
process for a transverse field-induced anisotropy. In fact, dynamic domain observation reveals inhomogeneous rotation of magnetiza-
tion, wall displacement processes, and domain nucleation besides homogeneous rotation. Domain refinement is accordingly observed
with increasing frequency. The domain width is smallest for cores with weak induced anisotropy, where excess loss is the lowest. In these
cores, surface roughness yields residual domains, which persist at field strengths above the inductively measured saturation field.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Soft magnetic FeCuNbSiB nanocrystalline ribbons were
first reported by Yoshizawa et al. [1]. Vanishing magneto-
striction, low coercivity, and a saturation induction of typ-
ically 1.2–1.3 T result in superior soft magnetic properties
of FeCuNbSiB alloys. It is well known that the magnetiza-
tion curve of nanocrystalline ribbons can be varied by a
magnetic anisotropy induced by a magnetic field [1,2] or
creep annealing [3].

Nanocrystalline tape wound cores are favorable for
applications at elevated frequencies up to 100 kHz [4],
because the small ribbon thickness of around 20 lm and
the high electrical resistivity of 115 lX cm minimize eddy
current loss. As in other soft magnetic materials, the
1359-6454/$30.00 � 2006 Acta Materialia Inc. Published by Elsevier Ltd. All

doi:10.1016/j.actamat.2006.04.040

* Corresponding author. Tel.: +49 3514659245; fax: +49 3514659241.
E-mail address: s.flohrer@ifw-dresden.de (S. Flohrer).
dynamic loss in nanocrystalline ribbons can be separated
into classical eddy current loss and excess loss [5]. The
excess loss originates from micro-eddy currents surround-
ing the moving domain walls and, hence, is of particular
significance for longitudinal field annealed cores where
the magnetization process is governed by domain wall dis-
placements (cf. Ref. [6]). In contrast, excess loss should be
absent for homogeneous magnetization processes. The lat-
ter is the case for transverse anisotropies, where the magne-
tization process is governed in a simple model by the
rotation of the magnetization vector towards the applied
field. However, Kerr microscopy observations have
revealed wall displacement processes, inhomogeneous rota-
tions, domain nucleation, and domain splitting besides
homogeneous rotations in nanocrystalline ribbons with
transverse field-induced anisotropy [7]. Such magnetic
inhomogeneities, of course, cause a corresponding excess
loss contribution in transverse field annealed material as,
for example, reported by Ferrara et al. [8]. Excess loss
rights reserved.
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Fig. 1. Specific power loss per cycle at a frequency of 10 kHz and various
peak induction levels (0.2–1.2 T) for nanocrystalline tape wound cores
with different strengths of field-induced anisotropy Ku. Negative values of
the induced anisotropy mark transverse Ku, positive values longitudinal
Ku.
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has also been observed in transverse field annealed amor-
phous ribbons [9], although these materials tend to reveal
a more homogeneous magnetization process than nano-
crystalline alloys because the average random local aniso-
tropy is vanishing (cf. Ref. [7]). Interestingly, as also shown
in Ref. [9], the excess loss contribution increases with
increasing induced anisotropy, although the fractional con-
tribution of homogeneous to inhomogeneous magnetiza-
tion process increases at the same time.

The objective of the present paper is to give a more
detailed characterization and a deeper understanding of
the excess loss contribution in transverse field annealed
nanocrystalline cores. For this purpose we have investi-
gated the magnetization process of nanocrystalline cores
with different strengths of transverse field-induced aniso-
tropy for frequencies up to 10 kHz by means of dynamic
Kerr microscopy in combination with simultaneous loss
and hysteresis loop measurements.

2. Experimental

Nanocrystalline toroidal tape wound cores of Fe73�x-
Cu1Nb3Si16+xB7 (x = 0 and 1.5) with a ribbon thickness
of 20 lm and a width of about 20 mm were studied. The
initial material was produced as an amorphous ribbon
via rapid solidification technology and wound to toroidal
cores in the final dimensions. A subsequent annealing treat-
ment was performed to achieve the nanocrystalline state.
During annealing, a saturating transverse magnetic field
was applied for appropriate times and temperatures to
induce an anisotropy of desired strength [6]. A relatively
strong induced anisotropy constant Ku of about 30 J/m3

was achieved for x = 0 by applying the magnetic field dur-
ing the entire annealing at 570 �C for 0.5 h. An anisotropy
of moderate strength (Ku � 16 J/m3) was induced for
x = 1.5 by field annealing at 580 �C for 0.5 h. A third core
with x = 0 was transverse field annealed for 3 h at 420 �C
after having been crystallized in a longitudinal magnetic
field at 570 �C for 0.5 h. This annealing condition resulted
in a significantly smaller Ku of about 3 J/m3. For the com-
parison in Fig. 1, loss measurements were also performed
on cores with longitudinal Ku [10]. The saturation magne-
tization of the material studied was 1.2 T [11].

The domain structure was observed using Kerr micros-
copy with a standard optical wide-field polarization micro-
scope. All images shown are difference images obtained by
subtracting the non-magnetic background [12]. The micro-
scope was extended with a gated image intensifier for stro-
boscopic imaging. Details of the experimental setup are
given elsewhere [10]. The tape wound cores were magnetized
along their circumferential direction. Domain observations
and simultaneous loss measurements were performed from
the quasi-static case up to 10 kHz. A nearly sinusoidal
induction waveform was obtained by digital feedback [13].
The stroboscopic images were obtained with an exposure
time of one-hundredth of the magnetic field period. To
obtain sufficient contrast, intensity accumulation of several
thousand single images was necessary for every image
shown. Because of the intensity accumulation, only repro-
ducible magnetization processes can be observed.
3. Results and discussion

The dependence of the specific power loss per cycle on
the induction amplitude of nanocrystalline tape wound
cores is shown in Fig. 1 for transverse (negative values)
and longitudinal (positive values) field-induced anisotropy
Ku at a frequency of 10 kHz. At low induction amplitudes
of 0.2 and 0.4 T, the total loss is much smaller in cores with
transverse Ku compared to those with longitudinal Ku. Fur-
thermore, the total loss does not depend considerably on
the strength of transverse Ku, if the induction amplitude
is small. However, magnetizing close to saturation reveals
a significant increase in the total loss with increasing
strength of transverse Ku. The difference in the total loss
of the cores is due to different excess losses, because the
hysteresis loss is very small (below 0.4 mW s/kg at a max-
imum induction of 1.2 T) and the classical eddy current loss
is similar for all cores. To study the origin of excess loss
depending on the strength of transverse Ku, simultaneous
stroboscopic domain observation and measurement of the
dynamic loss were performed by magnetizing close to satu-
ration. The correlation of excess loss and dynamic magne-
tization process in cores with different strengths of
longitudinal Ku is given in Ref. [10].

The magnetization curves of the nanocrystalline cores
with three different strengths of transverse Ku are shown
in Fig. 2. Flat hysteresis loops with a constant permeability
are obtained over a wide field range. The quasi-static hys-
teresis loops, in contrast to the data of Ferrara et al. [8],
reveal a high degree of linearity and hardly show any
appreciable hysteresis effect (Hc < 1 A/m), both indicating
magnetization rotation as the dominant magnetization



Fig. 2. Hysteresis loops of three nanocrystalline tape wound cores with different strengths of transverse field-induced anisotropy Ku at very low
frequencies (left) and at 10 kHz (right).
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Fig. 4. Sum Wdif of hysteresis loss Wh and excess loss per cycle Wexc vs.
square root of frequency deviates from the typical linear behavior only at
low frequencies.
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process. The loop area increases significantly with increas-
ing frequency, because of the induced eddy currents.

The specific power loss per cycle up to 10 kHz is
depicted in Fig. 3 for magnetizing to a peak induction of
1.2 T. The method of loss separation [5] is applied to ana-
lyze the dynamic loss. It is dominated by the excess loss
component, which becomes augmented with increasing
Ku. The excess loss per cycle is typically proportional to
the square root of the frequency due to a dynamic increase
of active domains [14]. This dependency is obtained for all
cores (Fig. 4) above a frequency of a few hertz. There is a
deviation from linearity at low frequencies which has been
previously reported for non-oriented and grain-oriented
Fe–Si by Barbisio et al. [15].

Direct observation of the dynamic increase in the num-
ber of domains is shown by time-resolved Kerr images of
the cores with strong and weak Ku in Fig. 5. The images
were obtained around the coercive field and were recorded
simultaneously with the magnetization loss measurements
of Fig. 3. The domain boundaries appear sharp, indicating
repeatability of the magnetization processes. During mag-
netization at a frequency of 50 Hz, regular wide domains
are formed, separated by 180� walls. This domain structure
is typical of nanocrystalline FeCuNbSiB ribbons with a
uniaxial induced anisotropy [7,16]. The domain width is
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Fig. 3. Specific power loss per cycle vs. frequency. The
smaller at lower Ku, which is also the case during quasi-
static remagnetization. The static domain width is propor-
tional to the square root of Ku according to the minimum
of the total magnetic Gibbs free energy [17]. Domain
refinement is clearly visible for both strengths of Ku with
increasing frequency.
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excess loss component increases with increasing Ku.



Fig. 5. Domain refinement with increasing frequency of nanocrystalline cores with strong and weak Ku. Arrows indicate the magnetization direction.
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The average number of domain walls, observed on seven
different sample spots for each case, is plotted in Fig. 6. The
domain wall number is obtained by counting the number of
intersections between dark and bright contrast in the Kerr
images along line scans transverse to the magnetic easy
axis. The counted number is scaled up in Fig. 6 to the
whole circumference of the outermost ribbon of the core.
Of course, only a small part of the complete core volume
is observed using Kerr microscopy, and the shape of the
domains changes from elongated wide domains to irregular
domains with increasing frequency. Nevertheless, the data
indicate a nearly linear increase of the domain wall number
with the square root of the frequency. The largest number
of domain walls is obtained at weak Ku, where excess loss is
the smallest.

Domain refinement is a typical phenomenon leading to
less than linear increase of the excess loss per cycle vs. fre-
quency in soft magnets with induced anisotropy along the
field axis, where domain wall displacement processes gov-
ern remagnetization. In our case of transverse Ku, domain
wall displacements might be activated by wall segments
that are locally inclined relative to the macroscopic induced
easy axis. Such misalignment may be caused by stray fields
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Fig. 6. Average number of surface domain walls along core circumference
vs. square root of the frequency.
due to surface roughness and demagnetizing effects at the
edges.

Fig. 7 gives an insight into the magnetization process of
the core with strong Ku in a decreasing magnetic field start-
ing at saturation for the quasi-static case, 500 Hz and
5 kHz. The images at 500 Hz and 5 kHz were obtained with
the stroboscopic technique. Homogeneous magnetization
rotation is the dominant magnetization process. As pre-
dicted from the occurrence of excess loss, slight wall dis-
placement processes can in fact be observed in the
images. Domain contrast is still present above the induc-
tively measured ‘‘technical’’ saturation field Hs of around
80 A/m.
Fig. 7. Magnetization process of the core with strong Ku in a decreasing
magnetic field for quasi-static remagnetization, at 500 Hz and at 5 kHz.
Homogeneous rotation dominates the magnetization process. Slight wall
displacements are also visible.



Fig. 9. Domain images and corresponding sketches of the stripe-like
domains at an applied field of 20 kA/m in different directions. The
domains are aligned perpendicular to the applied field.
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The quasi-static and the dynamic magnetization process
of the core with weak Ku in a decreasing magnetic field is
presented in Fig. 8. Above Hs (�20 A/m), magneto-optical
contrast is visible as stripe-like magnetization fluctuations
perpendicular to the magnetic field direction. The fluctua-
tions (residual domains) become more distinct when the
applied magnetic field decreases and, for H < Hs, finally
rearrange into the wide laminar domains characteristic of
the transverse anisotropy.

To study the origin of the residual domains in more
detail, their behavior in a rotating magnetic field was inves-
tigated (Fig. 9). The experiments were performed on single
ribbon pieces (with a length of some millimeters) of the
core with weak Ku, which were magnetized in a rotatable
electromagnet. The low-angle domains persist up to strong
magnetic fields of several tens of kA/m, far beyond the
‘‘technical’’ saturation field Hs and only disappear for
applied fields beyond about 50 kA/m. The residual
domains are aligned perpendicular to the applied field, even
when the field is rotated (see Fig. 9, second line). Simplified
sketches of stripe-like domains are shown in the right col-
umn of Fig. 9. The arrows indicate the direction of magne-
tization. The residual domains invert their magneto-optical
contrast if the direction of the applied field is reversed,
without changing their shape (not shown).

The stripe-like modulation of magnetization with a tex-
ture orthogonal to the average magnetization resembles the
ripple structure in sputtered magnetic films. Ripples reflect
the irregular polycrystalline nature of the films and can be
described as the reaction to a statistical perturbation by the
crystal anisotropy of the individual grains. In the case of
nanocrystalline ribbons (which may be considered as bulk
material), a patchy modulation of magnetization, rather
than a stripe-like modulation, is observed in the multi-
domain state [7]. The patches were interpreted by Herzer
[18] as exchange volumes within the framework of the ran-
dom anisotropy model. In Ref. [19], it was shown that the
patchy modulation transforms into ripple by thinning the
ribbons into the micrometer regime. This observation indi-
cates that ripple and patches are both caused by the nano-
crystalline microstructure in each case. However, there is
also a statistical perturbation caused by stray field effects
at the ribbon surface due to roughness. This perturbation
Fig. 8. Magnetization process of the core with weak Ku in a decreasing magne
stripe-like residual domains that persist far beyond the ‘‘technical’’ saturation
may cause the stripe-like modulation described here. No
theory of such a ‘‘stray-field-induced ripple’’ is available.
Like in the case of ‘‘true’’ ripple in films, the orthogonal
texture of the modulation is caused by the stray-field
energy that is smaller for longitudinal rather than trans-
verse modulation [16].

Fig. 10 shows the formation of residual domains after
mechanically polishing either the air-side (Fig. 10a) or the
wheel-side (Figs. 10b and c) of the nanocrystalline ribbon
with weak Ku with Matermed 2 suspension from Buehler.
While polishing the air-side does not obviously influence
the residual domain structure, polishing the wheel-side
reduces the magneto-optical contrast of the residual
domains significantly. The field-induced anisotropy is still
present after polishing and yields wide domains along the
easy axis at zero field in all cases. Strong polishing of the
wheel-side as in Fig. 10c leads to a complete disappearance
of the residual domains on the air-side.

The results after polishing clearly indicate that in the
present case the ripple arises from surface roughness and
not from the nanocrystalline microstructure. This conclu-
sion is also supported by the fact that we as well as Ama-
lou et al. [20] find similar high-field domains for
amorphous ribbons, where the average random anisotropy
contribution of the structure is orders of magnitude lower
(cf. Ref. [18]). The formation of the residual domains
tic field for the quasi-static case and at 500 Hz. The wide domains arise at
field Hs.



Fig. 10. Appearance of stripe-like domains in the difference image at high field strengths depends on the roughness of the wheel-side. The difference images
are obtained at the indicated spot of the air-side: (a) unpolished wheel-side, polished air-side; (b) slightly polished wheel-side, unpolished air-side; and
(c) strong polished wheel-side, unpolished air-side.

4698 S. Flohrer et al. / Acta Materialia 54 (2006) 4693–4698
illustrates why the fully ferromagnetically saturated state
in near-zero magnetostrictive nanocrystalline and Co-
based amorphous ribbons with large surface roughness
[21] needs relatively high applied magnetic fields of a cou-
ple of tens of kA/m.

4. Conclusions

The dynamic magnetization process in nanocrystalline
FeCuNbSiB tape wound cores with transverse field-induced
anisotropy has been studied using stroboscopic Kerr
microscopy and simultaneous loss measurements. The cores
reveal significant excess loss at high induction levels, where
the material was driven into magnetic saturation. As dem-
onstrated by domain observations, these excess losses are
associated with inhomogeneous magnetization processes
in addition to the expected magnetization rotation process.
The excess loss contribution increases with increasing
strength of the induced anisotropy. The lower excess loss
in cores with weak induced anisotropy is ascribed to a larger
number of active domain walls compared to cores with
higher induced anisotropy. It was demonstrated that the
surface roughness on the wheel-side of the ribbons causes
a ripple-like domain structure that provides an important
contribution for the nucleation of reversed domains.
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