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Monolithic amorphous Fe;3 sNbsSi 3 sBoCu;/Fes4 sNbsSi 3 sBg bilayer ribbons were obtained by
double-nozzle melt-spinning and subsequently annealed to produce a composite with a tailored
nano/micro-crystalline structure. The overall magnetic behavior is characterized by butterfly-shaped
high field hysteresis loops and positively biased low field ones. The main questions we wish to
address here are whether the global magnetic behavior of the bilayer can be separated into the
individual contributions of each layer and the magneto-coupling between them can be well
understood. For that purpose, we performed first-order reversal curve analysis, which enabled us to
distinctly identify two phases, of ultra-soft and semi-soft magnetic natures, whose mutual predominant
interaction is the magnetostatic coupling. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932066]

The double-nozzle planar flow casting technique offers
the possibility to obtain amorphous rapidly quenched bilay-
ered ribbon composites. The simultaneous formation of two
homogeneous layers with different composition and uniform
thickness of tens of microns along the ribbon length makes
possible combining unlike alloys with selected properties
and unique overall behaviors. This possibility is particularly
exciting in the case of magnetic materials in which the inti-
mate coupling of alloys with different magnetic hardness
may give rise to a variety of magnetization curves like con-
stricted or biased hysteresis loops, along with vast technolog-
ical application possibilities in magnetic devices and sensing
elements.'™

In this work, the magnetic behavior of a melt-spun
Fe73_5Nb3Si1345B9Cu1 (FINEMET)/FG74.5Nb3Si13.5B9 bilayer
is studied. These alloys have been carefully chosen to join
the required casting compatibility with different crystalliza-
tion kinetics. On one hand, FINEMET is well known for its
ability as precursor to produce, with the adequate thermal
treatment, ultrasoft nanocrystalline systems.” Such annealing
conditions lead in Cu-free Fe;4 sNbsSij3 sBg to a microcrys-
talline structure with a harder, although still relatively soft,
magnetic character. The resulting composite material is
found to be an ultra-soft/semi-soft magnetic system present-
ing characteristic butterfly hysteresis loops, which are posi-
tively biased at low field.

Identifying the nature of mutual interactions between
the layers as well as the interactions amongst the different
magnetic phases within each layer is the key to understand
the composite magnetic response. The traditional magnetic
analysis based on the major magnetization curve provides
global information which, in the case of multiphase systems,
masks crucial individual properties and, perhaps more
important, those interrelations, which rule the composite
magnetic behavior. To overcome this limitation, the
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first-order reversal curve (FORC) method has been proposed,
consisting of a full set of FORC:s filling the hysteretic area of
the major loop.®™® This technique involves an exigent mea-
surement procedure and careful statistical data treatment,g_”
which prove to be worthwhile when analyzing multiphase
systems and magnetic interactions. Deciphering the informa-
tion requires differential analysis combined with a physical
model of the interacting constituents.'*'?

In this work, the FORC technique applied to analyse
the magnetism of the FINEMET/Fe4 sNbsSij;sBo bilayer
ribbon reveals with no ambiguity, as will be shown in the
following lines, the magnetostatic nature of the dominant
interaction coupling the layers.

The original bilayer ribbon was fabricated by rapid
quenching from a single crucible using the double-nozzle
technique.'*'® The as-cast ribbon (6mm wide and 50 um
thick) shows high quality surfaces and amorphous structure,
evidenced from the absence of Bragg peaks in the x-ray dif-
fraction patterns obtained on both sides. A 5 cm long sample
of the ribbon was annealed in an inductive furnace under
high vacuum to prevent surface oxidation. The annealing
conditions (823 K for 1 h) were selected to get the optimal
nanocrystalline state in the FINEMET layer.'” Fig. 1(a)
shows a cross-sectional image by scanning electron micros-
copy (SEM) where the sharp interface between the layers
and their almost identical thickness can be appreciated. The
sample was slightly tilted when the image was taken so, in
its upper part, the roughness of the air surface of the ribbon
can be appreciated. Different fracture mechanisms in both
micro and nano-grained layers are the cause of the different
fracture morphology, which is characterized by vertical fea-
tures in the Cu-free layer. Transmission electron microscopy
(TEM) shows different microstructures in both layers:
Fig. 1(b) is a representative micrograph of the Fe,, sNb;
Sij35Bg layer where large grains with an average size
over 50nm are seen; for its part, the FINEMET layer (see
Fig. 1(c)) presents a homogeneous microstructure consisting

© 2015 AIP Publishing LLC
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Fe,, sNb,Si,; ;B, / air side

FINEMET / wheel side

of nanocrystals with an average size ca. 10 nm surrounded
by an amorphous matrix. The latter confirms the importance
of Cu addition in order to promote the formation of ultrafine
microstructure in FeSiB-based alloys.'®

The FORCs were measured with an alternating adapted
inductive magnetometer driven by a magnetic field, of maxi-
mum amplitude of 40kA/m and 0.5 Hz, which was applied
along the longitudinal direction of the ribbon. Each FORC is
obtained by measuring the M-H curve between the return
field H, and the maximum applied field H,,,, (common to all
the FORCs of the set) that should be quasi-saturating. A
complete set of FORCs is measured for equi-spaced values
of H, from —H,,, to H,,,..

The switching field distribution (SFD) corresponding to
each FORC is then calculated as the derivative of the nor-
malized magnetization m with respect to the applied field H

SFD(H, H,) = g—I"; . 1
H,

The FORC diagram (FDiag) is the 2D graph display of the
FORC distribution, traditionally defined as the mixed deriva-
tive of the magnetization

1 *m

" 20HOH,” )

p (H ,H, ) =
Fig. 2 shows a set of 100 FORCs of the FINEMET/
Fe;4.5Nb3Si 3 sBg ribbon bilayer of this work and below the
corresponding SFDs. Fig. 3 presents the calculated FDiag.
Fig. 2(a) shows a wasp-waisted major magnetization
curve (light red colored), bespeaking a combination of two
hysteresis loops with contrasting coercivities, one quasi-
anhysteretical and other one magnetically harder, yet still
relatively soft. Correspondingly, the major SFD curve in
Fig. 2(b) presents two distinctly separated distributions and
provides an estimation of the individual coercive fields from
the position of the two peaks: H.; >~ 0 and H., ~ 2.8 kA/m.
The reason why these values have only the category of esti-
mations is that the measured SFD (and the M-H curve) is
obtained as a function of the applied field, which differs
from the effective field that the material really senses due to
the internal interactions. It is precisely on this difference
where the ability of the FORC method to obtain information
about the interaction resides."”
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FIG. 1. (a) SEM image of a cross sec-
tion of the annealed FINEMET/
Fe745Nb3Siy3 5By bilayer after anneal-
ing at 823K for 1h; (b) and (c) TEM
micrographs corresponding to the

microcrystallized  Fe;4.sNb3Sij35Bo
and nanocrystallized FINEMET layers,
respectively.

FIG. 2. (a) Set of 100 FORCs for the FINEMET/Fe;4 5sNbsSi 3 5Bg ribbon;
the major magnetization curve is plotted in light red, the color goes from
light to dark red when the return field H, increases until the 50th FORC and
then from light to dark blue. (b) SFDs associated with the above FORCs, fol-
lowing the same color criterion; inset: detail around the peak at H =0.

FIG. 3. FDiag obtained from the FORCs of Fig. 2. Regions 1 and 2, corre-
sponding to ultra-soft and semi-soft phases, are highlighted.
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It can be reasoned out that, taking as reference the
intrinsic SFD (the distribution in terms of the effective field),
the measured SFD is shifted to the right when the dominant
interaction is positive (magnetizing interaction) and to the
left when it is negative (demagnetizing interaction).
Unfortunately, such effect cannot be directly observed as the
intrinsic SFD is not obtainable so far, but the evolution of
SFDs corresponding to successive FORCs can provide the
clue.

The evolution of the successive FORCs relative to the
major one can be interpreted on the basis of a mean interac-
tion field kM, which produces a difference between the
applied and the effective fields.”?® When a FORC is traced
starting at H,> —H,,,, the difference between its initial
magnetization and that of the major one is AM=M(H,)
—M(—H,,,,) > 0. This difference, which remains along the
curve until positive saturation is achieved, creates an extra
interaction field kAM. Such field shifts the minor SFD to the
left of the major one if k>0 or to the right if £k <O0. In the
FDiag, according to definition (2), this results in a pair of
colored spots, which are blue-red (always blue color on the
left) for k > 0 and red-blue for k < 0.%!

FDiag of positive or negative interactions within one-
phase systems?'* as well as for two positively coupled
magnetic phaseszs_27 are abundant in the literature.
Nevertheless, round red-blue spots as that appearing in Fig. 3
(signaled as region 1) have never been published before.

A first look at the pattern of Fig. 3 reveals, consistently
with Fig. 2, the existence of two well defined magnetic
phases associated with the spots about H.; and H,,. Let us
interpret this FDiag. The blue-red colored spot of region 2,
corresponding to harder phase B, has a marked boomerang-
shape, which indicates a strong positive interaction among
the constituents of such phase, and whose vertical tail points
to H = H_,. The horizontal head of the boomerang appears in
the interval —3.2kA/m < H,.< —2.2kA/m, for which the
contribution of phase B to magnetization is clearly different
at the beginning of each FORC, so producing large shifts of
the SFDs and correspondingly, an intense fingerprint on the
pattern. The fact that this spot appears for H < —H,. is a clear
evidence of positive interaction, which can undoubtedly be
attributed to the exchange interaction among the relatively
large crystallites. The average size of 50nm seen in the
micrograph of Fig. 1 is not sufficiently small, if compared to
the exchange correlation length, to accommodate enough
grains in the coupling volume to significantly reduce the
effective anisotropy.

This explains the relatively hard behavior of phase B in
contrast to phase A, whose ultra-soft character comes from
the coupling of the very small nanocrystals (with sizes ca.
10nm). The homogeneous size provides for the narrow
SFD peak corresponding to phase A. In consequence, for
H, < —3.2kA/m, the FORCs start from a quasi-saturated
state, hence no difference between the successive SFDs can
be found, except around the peak H = H,.; where an artifact
with the shape of a vertical noisy strip is produced. This can
be seen in the detail of the SFDs shown in the inset of
Fig. 2(b) where all the curves in this interval of H, mostly
coincide within the experimental error responsible for the
noise.

Appl. Phys. Lett. 107, 132403 (2015)

Just over this strip, in the range —3.2kA/m < H, <
—2.2kA/m, the SFD curves shift noticeably to the right for
increasing H,, indicating negative interaction which is trans-
lated to the FDiag as a round red-blue spot (region 1). It is
not by chance that this spot coincides in the same return field
range of region 2 as it is precisely the magnetostatic interac-
tion of phase B upon phase A which produces it. For
H,> —2.2kA/m, phase B remains positively saturated, hence
producing no difference between the SFD curves, which
results in another meaningless noisy vertical strip above
region 1.

Summing up, this red-blue structure and its position in
the FDiag clearly signal a magnetostatic predominant inter-
action between the two magnetic layers. Consistently, one
can expect that a sufficiently small field amplitude would
switch the magnetization of the ultrasoft layer A while leav-
ing phase B practically unaltered. Fig. 4 shows actually a
minor loop which can be attributed mostly to layer A and
which strongly depends on the magnetic history of layer B:
when layer B is demagnetized (Fig. 4(a)), the resulting loop
of layer A is centered at H =0; when layer B has been previ-
ously oriented by a premagnetizing field strong enough to
saturate it (H,, ~ 8kA/m, according to Fig. 2), the minor

_
ultra-soft layer
m "

M/M,
o

-0.5 '
-0.25 0 0.25

HikA/m)
" N

0.5 :
(b)/

-0.5
-0.25 0 0.25
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|

FIG. 4. Hysteresis loops of the ultrasoft layer A (a) when layer B is demag-
netized, and (b) when layer B has been premagnetized with H, ~ 8 kA/m.
The schematic drawings illustrate the corresponding pseudo-saturation
states: layer A (labelled ultra-soft layer) in blue color and layer B (semi-soft
layer) in red color.

M/M,
o
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loop appears shifted to the right (Fig. 4(b)). The bias field
value is a direct estimation of the average interaction field
((Hint) ~ —50 A/m). As seen in the schematic drawings of
Fig. 4(b), the magnetostatic field that layer B produces in
layer A is negative no matter whether the applied field is
positive or negative (as far as its amplitude does not affect
appreciably the magnetization of layer B). This hinders the
positive saturation while favors the negative one, leading to
a global positive bias of the minor loop.

The relative influence of the two competing interlayer
interactions, exchange and magnetostatic, is then clearly
unveiled by this FORC analysis. Typically, in bi-phase
devitrified systems, in which the harder phase is spread iso-
tropically within the soft one, the magnetostatic field of the
latter on the former cancels in overall. In contrast, the
bilayer geometry is highly anisotropic, each layer producing
a demagnetizing field on the other one. The exchange inter-
action, for its part, tends to keep the neighboring magnetic
moments parallel and fades easily with distance, its effects
affecting a few atomic layers far from crossing the width of
the layer. The result is a negative magnetostatic predomi-
nant interaction responsible for the particular magnetic
behavior of the global system unmistakably revealed by the
FORC analysis.
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