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Abstract: The relationship between microstructure and magnetic properties of a (Fe,Co)NbB-based
nanocrystalline soft magnetic alloy was investigated by analytical transmission electron microscopy (TEM).
The microstructures of (Fey5Cog5)soNbsB13Ge,Cu; nanocrystalline alloys annealed at different temperatures
were characterized by TEM and electron diffraction. The magnetic structures were analyzed by Lorentz
microscopy and off-axis electron holography, including quantitative measurement of domain wall width,
induction, and in situ magnetic domain imaging. The results indicate that the magnetic domain structure and
particularly the dynamical magnetization behavior of the alloys strongly depend on the microstructure of the
nanocrystalline alloys. Smaller grain size and random orientation of the fine particles decrease the magneto-
crystalline anisotropy and suggests better soft magnetic properties which may be explained by the anisotropy

model of Herzer.
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INTRODUCTION

Nanocrystalline soft magnetic materials have attracted con-
siderable interest due to their excellent magnetic properties
and have been proposed or used for a variety of soft magnetic
devices from transformers to inductive devices (Yoshizawa
et al,, 1988; Herzer, 1992; McHenry et al., 19994, 1999b; Long
et al., 2008; Herzer, 2013). Most of the nanocrystalline soft
magnetic systems are composed of a two-phase structure
where randomly oriented nanoparticles with an average size
from several to several tens of nanometers are dispersed in an
amorphous matrix. Structural and compositional variation
on the nanoscale strongly affects the magnetic properties,
especially the extrinsic ones including magnetic permeability
and coercivity (McHenry et al., 1999b). Further optimization
of the magnetic properties requires understanding of the
physical origin of magnetic behavior, particularly the existing
relationship between microstructure and magnetic domain
structure in soft magnetic nanocrystalline alloys. FeCo-based
nanocomposites are particularly important because the large
exchange interactions in FeCo (MacLaren et al, 1999) and
strong distributed exchange interactions in FeCo-based
amorphous phases (Gallagher et al., 1999) as compared
with Fe-based nanocomposites, influence micromagnetic
parameters and Fe-Co pair correlations that can be responsible
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for field (Johnson et al,, 2006) and strain-induced anisotropies
(Ohodnicki et al., 2010; Shen et al., 2014).

Lorentz microscopy (Hale et al., 1959; Chapman, 1984;
De Graef, 2001; Beleggia & Zhu, 2005) and electron holo-
graphy (Tonomura, 1999; Shindo & Oikawa, 2002; Lichte
et al., 2007; McCartney & Smith, 2007; Lichte & Lehmann,
2008; Snoeck et al., 2008; Dunin-Borkowski et al., 2012) are
analytical transmission electron microscopy (TEM) techni-
ques used to study the local magnetization state of materials.
When high energy electrons are transmitted through a
magnetic sample in a TEM, the magnetic vector potential
of the sample will cause an additional phase shift of the
electrons. The phase shift of the electrons could be further
transferred into amplitude contrast to reveal the magnetic
domain structure directly under certain conditions (like
defocus imaging in Fresnel mode Lorentz microscopy, see
Figs. la-1c) or imaged by electron holography (Fig. 1d).
Compared with other experimental techniques commonly
used for studying the magnetic properties of materials
like magneto-optical Kerr effect measurements (Argyle &
Terrenzio, 1984), magnetic force microscopy (Martin &
Wickramasinghe, 1987; Saenz et al.,, 1987), spin-polarized
scanning tunneling microscopy, and scanning electron
microscopy with polarization analysis, Lorentz microscopy
and electron holography provide a high spatial resolution of
magnetic imaging on a nm scale. Furthermore, they can also
be combined with other advanced TEM imaging, diffraction,
and spectroscopy techniques to examine microstructure and
microchemistry of materials at atomic resolution. This is a
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Figure 1. Schematic illustration of the formation of magnetic contrast in transmission electron microscopy (TEM).
(a) Deflection of electron beam by Lorentz force in different magnetic domains. (b) Intensity distribution of electrons
at a certain distance below the exit plane of the specimen (Fresnel mode). (c) Phase shift of electrons at the exit plane

of the specimen. (d) Principle of off-axis electron holography.

unique benefit for the study of relationships between
microstructure and magnetic domain structure in nano-
crystalline soft magnetic alloys. High resolution TEM
(Hiraga & Kohmoto, 1991) and electron holography (Shindo
et al., 2002) have been applied to the study of nanocrystalline
systems such as FINEMET (Yoshizawa et al., 1988). In this
work, we use specific TEM methods to study structure-
property correlations in the novel (Fe,Co)NbB nanocrystal-
line softmagetic alloy system.

MATERIALS AND METHODS

The (Fe,Co)NbB-based nanocrystalline alloys were fabri-
cated in a two-step procedure. First, an amorphous ribbon
(30 um thickness, ~3 mm width) with nominal composition
(Feo5Cog 5)s0NbsB3Ge,Cu; was prepared by single roller
melt spinning. Second, the amorphous samples were crys-
tallized by annealing at 550 and 610°C, respectively, for 1 h
and subsequently quenched to room temperature by water
(Long et al., 2007). Previous investigations showed that this
alloy system exhibited magnetic properties comparable with
those of commercially available materials (Long et al., 2008).
Plan-view samples were prepared by final ion milling for
TEM investigation. All TEM investigations were performed
on a JEOL JEM-2200FS field emission electron microscope
operated at 200kV. For Lorentz microscopy and electron
holography experiments, the objective lens was turned off
and an objective mini lens below the lower pole piece of the
objective lens was used for imaging to keep the sample in a

magnetic field-free environment. The microscope had an
electron biprism (platinum wire of 600 nm diameter) located
close to the selected area aperture plane for electron holo-
graphy experiments. A biprism voltage 70-80 V was applied
in Lorentz mode, the hologram fringe spacing was
10-11.5 nm, and the width of the hologram was 2.5-3 ym.
The electron holograms were recorded with a Gatan 794
slow scan CCD camera. Further processing and reconstruc-
tion of the holograms were carried out by the “Holoworks”
package of Gatan’s Digital Micrograph software. In addition,
an in-column energy filter was utilized in scanning trans-
mission electron microscopy (STEM) mode for measuring
electron energy-loss spectra (EELS) to determine the sample
thickness.

REsuLTs AND DiscussioN

Structural Characterization

The structure and morphology of the alloys annealed at
different temperatures were investigated by TEM, selected
area electron diffraction (SAED) and nano-beam electron
diffraction (NBED). Figure 2a shows a bright-field (BF)-TEM
image of a (FepsCogs)soNbsB13Ge,Cu; sample annealed
at 550°C for 1h. It is obvious that some small particles are
dispersed in the matrix. The size of the grains is in the range of
10-30 nm with an average grain size of 17.5+4.0 nm. The
compositional segregation of Fe and Co elements in the
grains was proven by three-dimensional atom probe (3DAP)
analysis (Ping et al,, 2001; Long et al., 2007).
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Figure 2. (a) Bright-field transmission electron microscopy (BF-TEM) image of a (Fe,Co)NbB-based nanocrystalline alloy
annealed at 550°C for 1h. Insert: a magnified region of the alloy. (b) Selected area electron diffraction (SAED) pattern,
(c) nano-beam electron diffraction (NBED) pattern from a single nanoparticle, (d) High-angle annular dark-field
(HAADF) image of a (Fe,Co)NbB based nanocrystalline alloy annealed at 610°C for 1h, (e) SAED pattern, (f) NBED

pattern.

Figure 2b shows a SAED pattern taken from a large
area including lots of grains embedded in the matrix. The
Debye-Scherrer rings indicate that the nanocrystalline grains
are randomly oriented. Each peak of the rings could be
indexed as a-FeCo (bcc structure) with a lattice parameter
of 2.85 A. The wide halo-ring overlapping the (110) ring
indicates that there is a large residual amorphous phase in
the alloy. The NBED pattern (Fig. 2c) of an individual
nanocrystalline grain shows a typical diffraction pattern
of a single crystal, which could be indexed as a-FeCo phase

in the [111] orientation. Some out of zone axis NBED patterns
were also observed which indicates an out of plane random
orientation. Both SAED and NBED prove that the alloy
consists of randomly oriented single crystalline FeCo particles.

The BF-TEM image (Fig. 2d) indicates an increase in
grain size to 96 26 nm for the sample annealed at 610°C.
The grains have an irregular sharp shape and are very closely
clustered to each other. This indicates that most of the residual
amorphous phase is recrystallized to the nanocrystalline
phase. The Debye-Scherrer rings in the SAED pattern (Fig. 2e)



Amorphous
|

Figure 3. High-resolution transmission electron microscopy (HRTEM) images of a (Fe,Co)NbB-based nanocrystalline
alloy annealed at different temperatures for 1 h. (a) 550°C, (b) 610°C.

confirm that the grains are still randomly oriented. However,
the rings look more discrete which again reveals the larger
grain size. The disappearance of the halo ring in the
SAED pattern evidences a strong reduction of the residual
amorphous phase. Though most of the Debye-Scherrer rings
correspond to the a-FeCo phase, several diffraction spots
could be found surrounding the primary beam as marked
by the arrow. These diffraction spots correspond to the fcc
(Fe,Co,Nb),3Bs phase which has a large lattice parameter
(a = 109 A). This phase indicates that secondary crystal-
lization has already taken place at the higher annealing
temperature of 610°C (Long et al., 2007).

High-resolution transmission electron microscopy
(HRTEM) studies were carried out to obtain more infor-
mation about the microstructure of the alloys at an atomic
level of magnitude. Figure 3a shows a HRTEM image of the
sample heated at 550°C for 1 h. Several small nanocrystalline
grains with lattice fringe contrast could be seen surrounded
by the amorphous phase with maze contrast. Those grains
have different orientations, but the two sets of lattice fringes
were measured as 2.0 A. This corresponds to the (110)
interplanar spacing of the a-FeCo phase and is in good
agreement with the electron diffraction results.

The HRTEM image of an alloy annealed at 610°C for 1 h
is shown in Figure 3b. Only a very small part of the amor-
phous phase could be found among the boundaries of the
grains. The averaged fringe spacing along the line AB in
the left bottom grain is 2.1+0.1 A, which approves the
grain crystallizes in the a-FeCo phase. On the contrary, the
average fringe spacing along the line CD in the top right
grain is much larger (5.5 +0.1 A), and it corresponds to the
(002) interplanar spacing of Fe,;Bg-type phase (with lattice
constant 10.9 A).

Investigation of the Magnetic Domain Structure

The magnetic domain structure of the alloys was investigated
by Lorenz microscopy and electron holography. Figure 4 shows
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Lorenz microscopy images and the corresponding recon-
structed phase image of the off-axis hologram of an alloy
sample annealed at 550°C for 1h. The in-focus Lorentz
microscopy image of Figure 4a looks like a conventional
bright-field image where only structural features, but no
magnetic contrast is visible. When the imaging condition was
changed from in-focus to over focused, several Fresnel fringes
could be seen at the edge of the sample due to the large
defocus. The bright and dark lines indicate the positions of
domain walls (Fig. 4b). The size of the magnetic domains is
on the order of several hundred nanometers (with an average
size of 560 + 190 nm), which is much larger than the average
grain size of the nanocrystallites (17.5 + 4.0 nm). Figure 4c
shows the reconstructed phase image of an off-axis electron
hologram from the same area. The phase image shows a
series of black and dark phase contour lines that directly
image the magnetic flux within the sample. The spacing of
the contour lines is 2z corresponding to a magnetic flux
h/e = 4.1x107"> Wb between the adjacent contour lines.
The vortex structures in the phase image are formed by the
changes of magnetization in adjacent domains while the
vortex center is the cross point of several adjacent domain
walls. The closure of the vortex structure is an indication that
the sample has a very weak magnetic anisotropy. The contour
line spacing is nearly uniform in most parts of the image
indicating a uniform magnetic flux density. Close to the lower
end of the peninsula, the contour line spacing is broadened
because the phase gradient is reduced to 15=+1rad/um
caused by a lower sample thickness in this area. Around the
sample the leakage field can also be found in the vacuum.
Though the raw phase image shows a detailed distribu-
tion of the magnetic flux, it is difficult to distinguish the
individual magnetic domains from it. Therefore the directions
of magnetic flux were calculated and color coded mapped.
First, the raw phase image of Figure 4c was unwrapped to
remove the 2z phase jump, then the directions of maximal
phase gradient at each pixel position were calculated and
further rotated by 90° (the directions of magnetic flux are
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Figure 4. Magnetic domain structures of (Fe,Co)NbB-alloy annealed at 550°C. In focus (a) and under focus (b) Lor-
entz microscopy images. Reconstructed phase image of off-axis electron hologram (c), Color-coded mapping of mag-
netic flux directions (d). The magnetization direction is indicated by the inserted color plate.

perpendicular to the directions of maximal phase gradient).
The different magnetic domains are clearly distinguished in
the mapped color-coded magnetic flux directions (Fig. 4d). It
can be clearly seen that most of the domain walls are close to a
90° type rather than to a 180° type.

Lorentz microscopy images and the corresponding
reconstructed phase image of the off-axis electron hologram
of an alloy sample annealed at 610°C for 1h are shown in
Figure 5. Quite different from the sample annealed at 550°C
where the average magnetic domain size is in the range
of 560+ 190 nm, the size of the magnetic domains is sig-
nificantly smaller for 610°C. The average magnetic domain
size is in the range of 210+ 70 nm. Each of the magnetic
domains consists of only two or three crystal grains (Fig. 5b).
The distribution of the domain sizes of two samples are
compared in Figure 6. The reconstructed phase image (Fig. 5¢)
shows that the magnetic flux in this sample is very complex
and disordered, which hints to poor soft magnetic properties.

The width of the magnetic domain walls of the alloy
sample annealed at 550°C was further measured by means
of defocus series of Lorentz microscopy images (Fig. 7).

Though the domain wall has a certain width, it does not
show any contrast under in-focus condition in Lorentz
microscopy since the magnetic field is a pure phase object for
high-energy electrons. Therefore, the domain wall width
has to be determined by fitting the wall widths measured at
different defocus settings. The under- and over-focus series
of Lorentz microscopy images of a typical magnetic domain
wall of an alloy sample annealed at 550°C are shown in
Figures 7a and 7b, respectively. In the over-focused images
with convergent electrons, several interference fringes can be
seen due to the coherent interference of deflected beams
from adjacent domains. In order to improve the accuracy,
the wall width was only determined from divergent domain
wall images. The linear fit of the plotted wall widths as a
function of defocus values is shown in Figure 7¢c. The domain
wall width estimated from this curve is 45+ 3 nm (linear
extrapolation to zero-defocus) which is much larger than the
average grain size of 17.5 +4.0 nm.

The magnetic flux density was also quantitatively mea-
sured by electron holography. The phase of beam electrons
modified by the electrostatic and magnetic field could be
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Figure 5. Magnetic domain structure of a (Fe,Co)NbB-based alloy annealed at 610°C for 1h. In focus (a) and under
focus (b) Lorentz microscopy images. (c) Reconstructed phase image of off-axis electron hologram.
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Figure 6. Distribution of the magnetic domain size of the samples annealed at 550°C (a) and 610°C (b).
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Figure 7. Defocus series of Lorentz microscopy images of a (Fe,Co)NbB-based alloy annealed at 550°C. Divergent
contrast (a) and convergent contrast images (b), measured domain wall width from convergent contrast images,
straight line — linearly fitted wall width as a function of defocus value (c).

written as (Tonomura, 1999; Lichte et al., 2007; McCartney
& Smith, 2007; Lichte & Lehmann, 2008):

o(x) = Cs / Vo(x,2)de— ¢ / /B,,(x)dxdz 1)

where Cg is the interaction constant, V; the crystal mean
inner Coulomb potential (MIP), e the electron charge, 7 the
reduced Planck constant, B, the magnetic flux density
perpendicular to the beam direction. Particularly in the area

with homogenous thickness the Coulomb potential contribution
to the phase gradient will be zero. Then the magnetic flux
density B is determined by:

Y

where dg/dx is the magnitude of the phase gradient of
electrons perpendicular to the x direction. The thickness of
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Figure 8. (a) Electron energy-loss spectra (EELS) line scan spectra of a (Fe,Co)NbB-based alloy annealed at 550°C for
1 h. (b) Scanning transmission electron microscopy high-angle annular dark-field (STEM-HAADF) image (S - E path
of line scan profile). (¢) corresponding unwrapped phase line profile along path S - E. (d) thickness line profile

retrieved from EELS spectra.

the sample was independently determined by EELS mea-
surements by means of the log-ratio method (Egerton, 1996).

To measure the magnetic flux density, the phase image
as shown in Figure 4d was unwrapped to remove the phase
jump at 2z. Then a phase line profile was taken along the
maximal phase gradient direction within a single domain.
Subsequently, an EELS line scan (Fig. 8a) was taken in
STEM mode (Fig. 8b) along the same path. The thickness of
the sample was calculated by log-ratio method from the
spectrum. The line profile of the electron phase shift and the
corresponding thickness profile are compared in Figures 8¢
and 8d. The phase shift is linear along the path from S to E
with a gradient of 101.9 rad/um. The thickness profile
measured from EELS along the same path (Fig. 8d) is nearly
uniform with an average thickness of 74 + 5 nm. Therefore
the contribution of MIP to the relative phase shift could be
neglected. The magnetic flux density B was calculated as
1.0+ 0.1 T, according to equation 2.

Dynamic Magnetization Processes in Applied Field
As already mentioned for structure investigations of magnetic
domains in TEM the objective lens is normally switched off.
When the objective lens is slightly excited and the sample is
tilted, an in-plane component of the objective lens field is
introduced to the object plane. The strength of the in plane
component of the field depends on the tilting angle 6

H// = Hsin(a) (3)
This residual field can be used as an applied field to study the
dynamic magnetic behavior of the alloys (Fig. 9).

objective lens on

. Specimen

Hi

H/=HSino

Lower pole piece

Figure 9. Schematic illustration introducing an in-plane applied
magnetic field by tilting the sample.

Figure 10 shows the tilting series of the Lorentz micro-
scopy images of the sample annealed at 550°C. The objective
lens was only slightly excited to 0.78% of the maximum lens
current which corresponds to a magnetic field H of 156 Oe at
the sample position. The direction of the in-plane compo-
nent of the applied field is indicated by the arrows in the first
image. The tilting angles were read out from the goniometer
and marked on each of the images. The zero in-plane field is
not coincident with the sample position for a zero-degree
tilting angle read out from the goniometer, which is due to
the ion-milling prepared wedged shape of the sample.

When the tilting angle was initially set to 15°, very
few and weak domain walls can be seen. This indicates that
most of the magnetizations were aligned along the H,, (the
in-plane applied field). While the strength of H,, has been
further decreased by decreasing the tilting angle, more and
more magnetic domain walls are visible forming the domain
structure. When the sample was tilted to 5.3° most of the
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Figure 10. Tilt series of Lorentz microscopy images of a (Fe,Co)NbB-based nanocrystalline alloy annealed at 550°C for
1 h. The directions of the in-plane component of the applied field are schematically illustrated in the upper left image

by arrows.

magnetic domains walls could be seen. This indicates that
the in-plane field direction has already been reversed and the
field magnitude is close to the coercivity field H..

With further tilting, the small magnetic domains began
to emerge into larger domains due to the increased H,, in the
opposite direction. The domain wall motion was also
observed in this process. Particularly during continuous
tilting of the sample, which also means a continuous change
of H,;, the motion of the domain walls was not continuous,
but had sudden jumps from one position to another. This is a
clear reflection of the Barkhausen effect (Barkhausen, 1919;
Alessandro et al., 19904, 1990b) at the microscopic scale. The
Barkhausen noise is caused by the abrupt change of the
domain configuration due to the pinning of domain walls.
After further tilting to —5.1°, the domain wall disappeared.
This indicates that the sample was in the saturation state
there was no change with further tilting. From the series
of tilt images it can be seen that the sample can be easily
magnetized and demagnetized even at a small H;, (maximal
40 Oe at 15° tilting).

A tilt series of reconstructed phase images off-axis
electron holograms (Fig. 11) provides more detail about the
change of the magnetic flux. At the initial tilting angle of
19.8° most of the magnetic flux was forced along the applied
field direction and only a small vortex structure was left at

the bottom right. With decreasing tilting angle (decreasing
H,,), the vortex began to grow which indicates that more and
more magnetic flux around the vortex center turned away
from H,,. At the upper part of the images several other
vortexes were formed. When the sample was tilted close to
4.8°, the vortexes grew to the maximum. If we followed the
magnetic flux around the vortex center, we found that the
magnetic flux density which was indicated by the phase
contour line spacing is nearly the same (neglecting the
thickness effect). The magnetic flux with opposite directions
cancels each other out. This state is close to the zero net flux
in the hysteresis loop and the strength of H, is close to the
coercivity force H..

Since the direction of H,, was inverted with increased
tilting, the vortex began to shrink which indicated that the
magnetic flux partly turned to the applied field direction. At
a tilting angle of —5.0°, the complete magnetic flux was
aligned along the direction of the H,, and the domain
structures disappeared which corresponds to the saturation
state in the hysteresis loop. With additional tilting, no
changes were observed. In order to observe the change of the
magnetic domain configurations during the magnetization,
the direction of the magnetic flux was calculated from the
phase images in Figure 11. The result of the color coded flux
directions is shown in Figure 12 where the different magnetic
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Figure 11. Tilt series of reconstructed phase images of off-axis electron holograms of a (Fe,Co)NbB-based nanocrystal-

line alloy annealed at 550°C for 1 h.

domains and flux directions inside the domains can be
seen. From the first image at a tilting angle of 19.8°, it can
be seen that the sample consists of a large red zone with
a uniform magnetization, except for several very small
adjacent domains (yellow, blue, and green color regions) in
forming the vortex structure. With the decreased applied
field H,,, those small domains began to grow. It is very
interesting to note that during domain growth, the relative
position of the boundary between the small domains did
not change so each of the domains was only expanded to
the matrix independently and formed the larger domains.
At a tilting angle of 4.8°, the domains grew to the maximum.
As we have mentioned, the applied field was close to the
coercivity field. Between the two images of 4.8 and 4.0°,
the domain configurations show a significant change. As
we have observed in Lorentz microscopy, this kind of change
is again due to the sudden jump of the domain walls under
the increased applied in-plane field. Finally, the domain
structure disappeared. Now the whole sample is magnetized
along the blue direction that is opposite to the initial red
direction.

As discussed by Pozzi (2002), modulation of the
reference wave has a significant effect on the electron holo-
graphy experiments with long-range electromagnetic fields.
For those electron holograms recorded close to the natural
magnetization (no external applied field), the magnetic

domains form closure structures. The stray field into the
vacuum is weak. While an external field is applied and the
magnetic flux is aligned along one direction, the stray field
may be largely extended which affects the reference wave. In
this dynamical magnetization experiment, the hologram
fringes are aligned closer to the parallel direction of the
applied field rather than perpendicular to it, so the stray field
effect on the reference wave is reduced (Pozzi, 2002). In
future experiments, the stray field problem may be solved
using the recently developed “split illumination electron
holography” technique (Tanigaki et al., 2012), where the split
reference wave can be set far from the sample edge.

Figure 13 shows the tilting series of Lorentz microscopy
images (upper row) and electron holography phase images
(lower row) of the sample annealed at 610°C for 1 h with the
same objective lens field. Contrary to the alloy samples
annealed at 550°C, the configuration of the magnetic
domains was not significantly changed with the change of
the applied field. The domain walls were strongly pinned by
grain boundaries. This indicates that the sample has a much
higher coercivity. Similarly we can see in the phase images,
though the sample was tilted to —15°, the magnetic flux is
still disordered. No large homogenous domain can be seen.
So the tilting series experiments indicate for samples
annealed at 610°C that the coercivity is extremely high due to
the strong pinning by the grain boundaries.
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Figure 12. Color-coded mapping of magnetization of an (Fe,Co)NbB-based nanocrystalline alloy annealed at 550°C
for 1 h. The directions of magnetization are represented by the inserted color plate.

Figure 13. Tilt series of Lorentz microscopy (upper row) and electron holography (lower row) images of a (Fe,Co)
NbB-based nanocrystalline alloy annealed at 610°C for 1 h.

From both the tilting series of Lorentz microscopy  This is consistent with the coercivity measurement by a
images and the phase images of electron holography we can  vibrating sample magnetometer (VSM, 3.1 Oe for 550°C
conclude that the alloy samples annealed at 550°C can easily ~ sample and 11.50e for 610°C sample). This may be
be magnetized and demagnetized with very little pinning.  explained by means of the Herzer random anisotropy model
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(Herzer, 1992, 1993, 1997, 2013). In the random anisotropy
model, there is a critical scale which is given by the ferro-
magnetic exchange length which is in the order of the
domain wall width. As we have measured, the domain wall
width in (Fe,Co)NbB-based nanocrystalline alloys with
smaller average grain size (17.5 +4.0 nm) is in the range of
40-50 nm. When the grain size is below the ferromagnetic
exchange length, the randomly oriented FeCo grains are
ferromagnetically coupled by exchange interactions through
the interfacial amorphous matrix (Herzer, 1997). Thus, the
effective magneto-crystalline anisotropy is significantly
reduced due to the average effect. The magnetization will not
follow the randomly oriented easy axis of magnetization of
the individual grains, but is forced to align parallel by
exchange interaction (Herzer, 1997). This is the reason that
we have observed the large magnetic domains in the alloy
systems with an average grain size of 17.5 +4.0 nm. On the
contrary, in samples annealed at higher temperature the
domain walls are strongly pinned at the grain boundaries
causing a high coercivity.

SUMMARY

We investigated the microstructure, domain structure and
domain wall dynamics of (Feys5Cogs5)s0NbyB13Ge,Cuy
nanocrystalline softmagnetic alloys. The results show that
the magnetic domain structure and dynamical magnetization
behavior of the alloys strongly depend on the microstructure
of the nanocrystalline alloys and can be well explained by
Herzer’s anisotropy model.
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