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The composition dependence of field induced anisotropy KU of field annealed soft ferromagnetic
�Co1−xFex�89Zr7B4 and �Co1−xFex�88Zr7B4Cu1 amorphous and amorphous/nanocrystalline
“nanocomposite” melt spun ribbons is investigated. With the exception of the highest Co-containing
alloys �x� �0.10�, the observations are discussed in terms of a superposition of directional pair
ordering of Fe,Co atoms and an additional contribution presumably due to the presence of Zr and
B in both the field crystallized and field annealed amorphous ribbons. The highest Co-containing
alloys �x� �0.10� contain multiple nanocrystalline phases �bcc, fcc, and hcp� for which a peak in
KU is observed �KU�2000–2500 J /m3�. In this framework, asymmetry in the compositional
dependence of KU resulting in larger values for Co-rich alloys relative to Fe-rich alloys for both the
field crystallized and field annealed amorphous alloys is explained in terms of a strong dependence
of the Curie temperature of the amorphous phase on the Co content. © 2008 American Institute of
Physics. �DOI: 10.1063/1.3021141�

I. INTRODUCTION

Magnetic field annealing techniques are often used to
tailor the properties of soft magnetic materials by inducing a
magnetic anisotropy energy EA=KU sin2 �.1,2 � is the misori-
entation angle between the induced easy axis and the mag-
netization and KU is a first-order uniaxial anisotropy con-
stant. KU associated with field induced anisotropies
��101–103 J /m3� are typically orders of magnitude smaller
than the local first-order “crystalline” anisotropy constants
��104–105 J /m3�. However, the rapid spatial fluctuations in
the orientation of the local crystalline easy axis result in a
dramatic reduction in the effective crystalline magnetic an-
isotropy in nanocrystalline or amorphous magnets.3 Engi-
neering of the field induced anisotropy is important for soft
ferromagnetic Fe,Co-based amorphous and amorphous/
nanocrystalline “nanocomposite” alloys as the induced
anisotropies can exceed the effective magnetocrystalline
anisotropy.4 The interplay between long-range coherent in-
duced anisotropies and rapid spatial variations in crystalline
anisotropies is discussed in the multiphase random aniso-
tropy model.5,6

For inductive applications, amorphous and nanocompos-
ite alloys are produced in ribbons and wound into a toroidal
core geometry as illustrated in Fig. 1. The two important
directions are specified by the long axis of the ribbon �lon-
gitudinal� and the width of the ribbon �transverse�. The field
is applied in the longitudinal direction during applications.
Longitudinal field annealing treatments result in relatively
high average permeabilities and a striped remanent domain
structure �Fig. 1�b��. Magnetization occurs through migration

of magnetic domain walls and large values of KU can domi-
nate the effective anisotropy and result in domain wall pin-
ning. To minimize this effect by minimizing the value of KU,
rotating magnetic field annealing techniques can be used.4

Transverse field annealing treatments result in relatively
low permeabilities, linear B-H loops, and a transverse striped
remanent domain structure �Fig. 1�b�� such that magnetiza-
tion occurs primarily through rotational processes. Higher
KU alloys result in lower permeabilities and larger anisotropy
fields HK, which are desirable for applications such as high
frequency inductors7 and current sensors.8 For transverse
field annealed cores, an estimate of KU can be obtained using
the expression KU= �HKMS� /2. Recent work has demon-
strated that Co-rich nanocomposite alloys can exhibit rela-
tively large values of KU and low permeabilities ��r�102�
after transverse field annealing processing, making them of
great interest for these types of applications.9,10

Microstructural or atomic-scale changes responsible for
field induced anisotropy are subtle and difficult or impossible
to directly measure using standard characterization tech-
niques. Direct identification of the dominant mechanism is
notoriously difficult, and most conclusions have been based
on comparisons of indirect evidence with predictions of
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FIG. 1. �a� Toroidal core geometry illustrating the longitudinal and trans-
verse directions. �b� Schematic of domain structure after longitudinal and
transverse field annealing.
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models. A particularly successful model is the directional
pair ordering model, based on the preferential orientation of
pairs of unlike atoms. This model has been used to explain
field induced anisotropies measured in binary ferromagnetic
crystalline alloys such as Fe–Co11 and Fe–Ni,1,2 amorphous
ferromagnetic Fe–Co-based and Fe–Ni-based12,13 alloys, and
in the more complex Fe-rich Fe,Co-based nanocomposites.4

An additional possible source of field induced anisotropy is
monatomic directional ordering involving rearrangement of
only one type of atom such as interstitial C or N atoms in
ferromagnetic crystalline alloys1,2,14 or metalloid atoms such
as B or P in amorphous ferromagnets.12,13,15 Microstructural
origins associated with crystallographic texture,16 planar de-
fects such as stacking faults,16–18 or preferential orientation
of certain types of local atomic clusters in Co-rich amor-
phous alloys19 are examples of other possible sources of in-
duced magnetic anisotropy that have been proposed in the
literature.

The nanocomposites are particularly interesting and
complex from the standpoint of magnetic field induced an-
isotropy because of a possible contribution from both the
nanocrystalline phases and the intergranular amorphous
phase. The directional pair ordering model can rationalize
the compositional dependence of KU in Fe-rich Fe–Co–Zr–B
nanocomposites discussed in previous work,4 but this model
is inconsistent with the compositional trend observed for
high KU Co-rich Co–Fe–Zr–Si–B and Co–Fe–Nb–Si–B
compositions.9,10 To better understand the origin of KU in
these complex nanocomposites, we have performed a sys-
tematic investigation of the magnitude of KU as a function of
the Fe and Co content in the �FexCo1−x�89Zr7B4 and
�FexCo1−x�88Zr7B4Cu1 alloys. Our composition choice is mo-
tivated as follows:

�1� A large body of experimental work has been performed
on the technologically relevant Fe-rich and near equi-
atomic Fe,Co-based alloys of this system.

�2� These alloys do not contain Si, which is known to dis-
solve into the nanocrystalline phases in high concentra-
tions. This complicates comparison of the compositional
dependence of KU with predictions of theories of field
induced anisotropies for binary systems.

II. EXPERIMENTAL PROCEDURE

Fe and Co-based amorphous ribbons of compositions
�Co1−xFex�88Zr7B4Cu1 and �Co1−xFex�89Zr7B4 with 0�x�1
were first synthesized by arc-melting followed by rapid so-
lidification through melt-spinning processing. These ribbons
were wound into toroidal cores and annealed for 1 h in a 2 T
transverse magnetic field at Magnetics, a division of Spang
& Company. A number of different annealing temperatures
were chosen to lie significantly below and above the lowest
crystallization temperature of these alloys. The magnetic
properties and field induced magnetic anisotropy were mea-
sured through vibrating sample magnetometry �VSM� and ac
permeametry of toroidal tape-wound cores of the synthesized
ribbons. The phase identity of the nanocrystals formed dur-

ing crystallization was investigated using x-ray diffraction
�XRD� with a Philips X’pert thin film diffractometer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 2, examples of B-H loops measured after trans-
verse magnetic field annealing at two different temperatures
are presented. In Fig. 2�a�, TAnneal=400 °C and in Fig. 2�b�,
TAnneal=540 °C. XRD patterns obtained from the side of the
ribbon in contact with the cooling wheel �wheel side� do not
provide evidence of a crystalline phase for the as-cast rib-
bons. While TAnneal=540 °C is sufficiently high to result in
partial �primary� crystallization to form a microstructure con-
sisting of a large volume fraction of nanocrystalline phases
surrounded by an intergranular amorphous matrix, no evi-
dence for crystalline phase can be found in XRD patterns
obtained from the wheel side of the ribbons after the
TAnneal=400 °C annealing treatment. Therefore, the former
treatment results in field crystallization, while the latter re-
sults in field annealing of the amorphous precursor. Consis-
tent with a number of discussions in previous work,20,21 only
evidence of a bcc nanocrystalline phase is observed in ob-
tained XRD data from these alloys as illustrated in Fig. 3 for

FIG. 2. �Color online� Representative dynamic �f =3 kHz� B-H loops ob-
tained for toroidal cores of �FexCo1−x�89Zr7B4 �Co-rich� and
�FexCo1−x�88Zr7B4Cu1 �Fe-rich and equiatomic� alloys after transverse mag-
netic field annealing at �a� TAnneal=400 °C and �b� TAnneal=540 °C. The
estimated anisotropy field HK for each B-H loop is indicated by a vertical
arrow, and the number listed corresponds to x. For the x=1.00 sample an-
nealed at TAnneal=400 °C, B is multiplied by a factor of 5 for clarity.

FIG. 3. �Color online� XRD data for transverse magnetic field annealed
�Co1−xFex�89Zr7B4 alloys illustrating only a bcc nanocrystalline phase for all
but the highest Co-containing alloys �x� �0.10�. Circles=peaks indexed to
bcc, squares=peaks indexed to fcc, and triangles=peaks indexed to hcp.

113909-2 Ohodnicki et al. J. Appl. Phys. 104, 113909 �2008�

Downloaded 29 Jan 2009 to 128.2.132.41. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



TAnneal=540 °C with the exception of the highest Co-
containing alloys �x� �0.10�, for which evidence of both
fcc and hcp phases is also found.22

Based on the measured B-H loops presented in Fig. 2,
the estimated values of the anisotropy field HK and the dy-
namic coercivity HC are presented in Figs. 4�a� and 4�b� as
functions of composition. HK was estimated by extrapolation
of the lowest field linear portion of the B-H loop to the
saturation induction �see vertical arrows in Fig. 2�. For the
highest Fe-containing field annealed amorphous alloys, the
B-H loop deviates from linearity and requires relatively large
fields to saturate �see the x=1.00 alloy in Fig. 2�a� for the
most extreme example�. For these alloys, values of HK could
not be extracted and they are not included in the plots below.
The estimated values of HC are sensitive to factors such as
strain state, thickness, and overall ribbon quality and can
vary significantly for alloys of the same composition, which
is responsible for some discrepancies between values re-
ported here and in our previous works.22,23 However, the
estimated values of HK are more reproducible and relatively
insensitive to these factors. The error bars in Figs. 4�a� and
4�b� represent the error in accurately measuring the value for
a given sample. Figure 4�a� shows that the highest Co-
containing field crystallized ribbons tend to exhibit larger
dynamic HC values than those of the corresponding field
annealed amorphous ribbons and the Fe-rich field crystal-
lized ribbons.

The estimated saturation magnetizations at room tem-
perature, MS, measured independently using a VSM with H
=5 kOe of as-cast amorphous ribbons and the transverse
field crystallized ribbons �TAnneal=540 °C� are shown in Fig.
4�c�. The Fe-rich alloys exhibit higher saturation inductions
than those of the Co-based alloys. The drop in MS for the
most Fe-rich amorphous alloys is due to the relatively low
Curie temperatures of these alloys.

Based on the values of HK and MS in Figs. 4�b� and 4�c�,
the estimated values of KU are shown in Figs. 5�a� and 5�b�.
For comparison, data from a number of previously published
works in related alloy systems are also shown including the
field crystallized �Co,Fe�78.8Nb2.6Si9B9Cu0.6 alloys,9,10 the
Fe-rich field crystallized �Fe,Co�90Zr7B3 alloys,4 and the
field annealed amorphous �Co,Fe�90Zr10 alloys �reproduced
assuming a density of �7.8 g /cm3�.13 Figures 5�a� and 5�b�
demonstrate that KU is significantly larger for the field an-

nealed amorphous alloys than for the field crystallized alloys
investigated here over the majority of the composition range.
The exceptions are the high Fe-containing alloys �x�
�0.90� for which accurate estimates of KU could not be
obtained for the field annealed amorphous alloys and the
high Co-containing alloys �x� �0.10�, for which KU of the
field crystallized alloys is larger than that of the field an-
nealed amorphous alloys.

The main features of Figs. 5�a� and 5�b� common to both
the field annealed amorphous and field crystallized alloys
include:

�1� nonzero KU for the x=0.00 �Fe-free� and x=1.00 �Co-
free� alloys for which directional pair ordering of Fe and
Co atoms is not a possible mechanism, and

�2� asymmetric compositional dependences resulting in a
tendency for higher field induced anisotropy in the Co-
rich alloys.

Further, a peak in KU is observed for the dilute Fe-containing
�x=0.05 and x=0.025� field crystallized alloys in Fig. 5�b�,
which is similar to observations reported previously.9,10

However, the high KU compositions here correspond to
higher Co-containing alloys with multiple crystalline phases
present after primary crystallization while those investigated
by the previous authors9,10 exhibited only bcc nanocrystalline
phase. In the remainder of this section, we discuss potential
explanations for observations 1 and 2 in light of the conclu-
sions of previous authors. A detailed discussion of the phase
evolution, microstructure, and field induced anisotropy in the
Co-rich compositions �x=0.10, 0.05, 0.025, and 0.00� that
exhibit a peak in KU after field crystallization is reserved for
a separate publication due to their additional complexity.24

We note that the large KU for the x=0.025 and x=0.05 alloys
is thought to be associated with the nanocrystalline phases
that form upon crystallization.

It was shown that the increase in KU upon substitution of
Co for Fe in Fe-rich field crystallized alloys of composition
�Fe,Co�90Zr7B3 could be well fit by an expression of the
form KU�KA+KB�XCo / �XFe+XCo��2.4 Note that we use the

FIG. 4. �Color online� �a� HC and �b� HK as functions of composition for the
field annealed amorphous �TAnneal=400 °C, squares� and field crystallized
�TAnneal=540 °C, circles� toroidal �FexCo1−x�89Zr7B4 �Co-rich� and
�FexCo1−x�88Zr7B4Cu1 �Fe-rich and equiatomic Fe:Co� cores estimated from
dynamic B-H loops obtained at f =3 kHz as illustrated in Fig. 2. In �c� MS

values estimated independently at room temperature using a VSM �H
=5 kOe� are shown for as-cast amorphous and field crystallized �TAnneal

=540 °C� alloys.

FIG. 5. �Color online� Composition dependences of KU for �a� field an-
nealed amorphous �TAnneal=400 °C, squares� and �b� field crystallized
�TAnneal=540 °C, circles� �FexCo1−x�89Zr7B4 �Co-rich� and
�FexCo1−x�88Zr7B4Cu1 �Fe-rich and equiatomic� toroidal cores estimated
from HK and MS in Fig. 4. The previous results of field annealed amorphous
�a� �Co,Fe�90Zr10 alloys, by Fukunaga and Narita �diamonds� �Ref. 13�, �b�
field crystallized �Co,Fe�78.8Nb2.6Si9B9Cu0.6, by Yoshizawa et al. �Refs. 9
and 10� �diamonds�, and �b� field crystallized �Co,Fe�90Zr7B3 alloys, by
Suzuki et al. �Ref. 4� �+�, are shown for comparison.
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symbols KA and KB here rather than K0 and K1 as used by the
previous authors4 to avoid confusion with the standard terms
in the phenomenological expansion of the magnetocrystal-
line anisotropy. The data obtained here are reasonably con-
sistent with the previous work but the estimated values of
KA�200 J /m3 and KB�7560 J /m3 are significantly larger
than the values of KA�76 J /m3 and KB�4900 J /m3 re-
ported previously as seen in Fig. 5�b�. Based on this form of
the compositional dependence, it was concluded that mul-
tiple mechanisms of field induced anisotropy must be active
and that KB was attributed to directional pair ordering of Fe
and Co atoms in the crystalline phase, while KA was attrib-
uted to the presence of dissolved Zr and B in the crystalline
phase. Although not previously discussed, possible mecha-
nisms for the latter contribution include an effective direc-
tional pair ordering of substitutionally dissolved Zr and B
with the Fe and Co atoms or monatomic directional ordering
of interstitially incorporated B. The entire value of KU was
assumed to be due to the crystalline phase because the Curie
temperature of the as-cast amorphous ribbons exhibited Cu-
rie temperatures well below the field crystallization
temperatures.4

For the higher Co-containing alloys investigated here,
the TC of the as-cast amorphous ribbons increases dramati-
cally with increasing Co content. Thus, it is reasonable to
assume that KU measured for the Co-rich field crystallized
alloys should include a contribution from the intergranular
amorphous phase.4 Therefore, the asymmetric compositional
dependence of KU for the field annealed amorphous alloys of
Fig. 5�a� provides a potential explanation for the correspond-
ing asymmetry observed for the field crystallized alloys in
Fig. 5�b�.

The �Co1−xFex�90Zr10 field annealed amorphous alloys
studied by Fukunaga and Narita13 exhibited a similar com-
positional dependence of KU as the �Co1−xFex�89Zr7B4 and
�Co1−xFex�88Zr7B4Cu1 compositions studied here as shown in
Fig. 5�a�. The authors demonstrated that this dependence
could be explained by a superposition of directional pair or-
dering of Fe–Co atoms and an additional contribution pre-
sumably associated with the presence of Zr. These conclu-
sions were based on fits of the directional pair ordering
model to the data in Fig. 5�a� for fcc-based binary ferromag-
nets with a tendency for chemical segregation after: �1� nor-
malizing by a Curie temperature dependent factor,
g�TAnneal ,TMeasurement ,x�, and �2� subtracting the contribution
measured for the Fe-free Co90Zr10 alloy assuming that it ex-
hibits the same temperature dependence and is constant
across the composition range when normalized by this factor.
The assumed form of g�TAnneal ,TMeasurement ,x� was

g�TAnneal,TMeasurement,x�

= �MS�TAnneal,x�
MS�0,x� �2�MS�TMeasurement,x�

MS�0,x� �2

= �m�TAnneal,x��2�m�TMeasurement,x��2. �1�

In Eq. �1�, TAnneal is the field annealing temperature,
TMeasurement is the temperature at which the value of KU is
measured after annealing, x is the atomic ratio of Fe to �Fe
+Co�, MS is the saturation magnetization, and m is the re-

duced magnetization at a particular temperature and compo-
sition. The asymmetry observed could be completely ac-
counted for by a strong dependence of TC on the Co content
of the amorphous alloy resulting in a higher temperature sta-
bility of magnetic properties for Co-rich alloys. Based on the
similarity with the compositional trend of KU measured for
the field annealed amorphous alloys investigated here, it is
reasonable to assume that the same conclusions hold for the
�Co1−xFex�89Zr7B4 and �Co1−xFex�88Zr7B4Cu1 alloys. In addi-
tion, the similar magnitudes of KU for the Fe-free �x=0.00�
field annealed amorphous Co89Zr7B4 and Co90Zr10 ribbons
compared in Fig. 5�a� suggest that a similar mechanism may
be responsible for KU of the Fe-free compositions despite the
complete absence of B in the �Co,Fe�90Zr10 alloy series.

To illustrate the potential effects of the TC dependence
on the Co content in the alloy systems under investigation
here, the directional pair ordering theory for an ideal binary
A-B alloy can be used. In this theory, the predicted variation
in KU with the mole fraction of B, XB, follows Eq. �2�:2,12

KU = K�m�TAnneal,XB��2�m�TMeasurement,XB��2XB
2�1 − XB�2.

�2�

In Eq. �2�, K is a factor that is independent of composition. A
number of magnetization curves were measured as a function
of temperature to estimate the values of �m�TAnneal ,XB��2 for
both the amorphous precursor and the field crystallized rib-
bons as presented in Figs. 6�a� and 6�b� for alloys of varying
Co contents. The values of KU /K estimated according to Eq.
�2� assuming �m�TMeasurement ,XB��2=1, �m�TAnneal ,XB��2

��MS�TAnneal ,XB� /MS�50 °C,XB��2, and XB=XCo / �XCo

+XFe�=1−x are presented in Figs. 6�c� and 6�d� for both the
crystallized and as-cast amorphous ribbons for values of
TAnneal=400 and 540 °C. These assumptions are good ap-

FIG. 6. �Color online� In �a� and �b� the reduced magnetization approxi-
mated as MS�T� /MS�50 °C� for a Co-rich �Fe0.1Co0.9�89Zr7B4 alloy and an
Fe-rich �Fe0.9Co0.1�88Zr7B4Cu1 alloy are shown for as-cast amorphous rib-
bons on heating �a� and crystallized ribbons on cooling �b� with heating and
cooling rates of approximately 4 °C /min. In �c� and �d� the predicted com-
positional dependence of KU /K for binary ideal solid solutions is shown
using Eq. �2� and reduced magnetization values estimated as indicated by
the vertical arrows in �a� and �b� for both amorphous and crystallized alloys
at TAnneal=400 °C �c� and TAnneal=540 °C �d�. The results assuming TCurie

�TAnneal are presented for comparison.
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proximations for all but the highest Fe-containing amorphous
ribbons. For comparison, the predicted compositional depen-
dence is also presented for the limiting case where TC is
much larger than the annealing temperature across the entire
composition range.

Based on Figs. 6�c� and 6�d� the compositional depen-
dence of TC is expected to result in a strongly asymmetric
compositional dependence of KU for the field annealed amor-
phous alloys, while the effect is less pronounced for crystal-
lized ribbons. Although Eq. �2� assumes only directional pair
ordering of Fe and Co atoms, the Curie temperature effect
would also apply to contributions associated with the pres-
ence of B and Zr including monatomic directional ordering
of interstitial B or directional pair ordering of Fe,Co with
substitutional B and Zr. For the field crystallized ribbons, the
simple expression in Eq. �2� is not strictly valid because of a
potential contribution from both the nanocrystalline phases
and the intergranular amorphous phase with different effec-
tive Curie temperatures. Instead, a better approximation to
KU�x� for field crystallized �FexCo1−x�89Zr7B4 and
�FexCo1−x�88Zr7B4Cu1 alloys is given by Eq. �3�:

KU�x� = KUAmorphous�x� + KUCrystalline�x�

= VAmorphousKAmorphous�m�TAnneal,x��Amorphous
2

��m�TMeasurement,x��Amorphous
2 fAmorphous�x�

+ �1 − VAmorphous�KCrystalline

��m�TAnneal,x��Crystalline
2

��m�TMeasurement,x��Crystalline
2 fCrystalline�x� . �3�

VAmorphous is the volume fraction of the amorphous phase and
fAmorphous�x� �or fCrystalline�x�� is the function that describes
the compositional dependence of KUAmorphous �or KUCrystalline�
assuming that TCurie�TAnneal ,TMeasurement. To estimate the po-
tential contribution from each phase to the measured KU for
the field crystallized alloys in Fig. 5�b�, the following proce-
dure has been employed:

�1� The measured values of KU for the field annealed amor-
phous alloys shown in Fig. 5�a� have been normalized
by the following factor at each composition:
�m�540 °C,x��2 / �m�400 °C,x��2. The resultant values
represent the extrapolated values of KU of the field an-
nealed amorphous ribbons to TAnneal=540 °C and are
plotted in Fig. 7�a�.

�2� Assuming the intergranular amorphous phase exhibits
the same compositional dependence of KU as the corre-
sponding field annealed amorphous ribbons, the result-
ant values of step 1 were multiplied by an assumed
value of VAmorphous to estimate KUAmorphous as presented
in Fig. 7�b�. Values of VAmorphous=25% and 40% are
used here.

�3� The estimated KUAmorphous was subtracted from the mea-
sured values of KU for the field crystallized ribbons in
Fig. 5�b� to estimate the corresponding values of
KUCrystalline as presented in Fig. 7�b�.

With the exception of the high KU dilute Fe-containing com-
positions �1−x=XCo / �XCo+XFe�� �0.90�, the asymmetry in

the compositional dependence of KU is reduced in the esti-
mated KUCrystalline in Fig. 7�b�. These results suggest that an
increasing contribution from the intergranular amorphous
phase for Co-rich alloys could be a major source of the
asymmetry in the compositional dependence of KU for field
crystallized alloys. In addition, a local minimum in
KUCrystalline is now observed for compositions with near equi-
atomic Fe:Co ratios which would be expected to arise due to
chemical ordering occurring in the bcc crystalline phase25,26

as observed in bulk field annealed Fe–Co binary crystalline
alloys.11 Considering the rough estimates of KUCrystalline and
KUAmorphous, no features observed in Fig. 7�b� are clearly in-
consistent with a combination of directional pair ordering of
Fe and Co atoms with an additional contribution that is pre-
sumably due to the B and Zr in the bcc crystalline and amor-
phous phases for XCo / �XCo+XFe�� �0.90. For the dilute Fe-
containing nanocomposites with multiple nanocrystalline
phases and large field induced anisotropies, the situation is
clearly more complicated.24

The Curie temperature effect for the amorphous phase
discussed above is not the only possible source of an asym-
metry in the compositional dependences of KU as a function
of x for �FexCo1−x�89Zr7B4 and �FexCo1−x�88Zr7B4Cu1 alloys.
Examples of additional possible sources of asymmetry in-
clude:

�1� a stronger interaction responsible for Co–Zr and Co–B
directional pair orderings or monatomic directional or-
dering as compared to Fe–Zr and Fe–B,

�2� an interaction responsible for Fe–Co directional pair or-
dering that is dependent on composition,

�3� chemical partitioning of Fe,Co during crystalli-
zation,27,28 and

�4� a different mechanism active for Co-rich alloys that is
not active for Fe-rich alloys.

In previously published data of KU for bulk binary Fe–Co
crystalline alloys,11,14 a higher KU was measured for Co-rich
alloys than for corresponding Fe-rich alloys. Unfortunately,
the previously published data were not normalized for the
Curie temperature effect,14 so it is not clear if an additional
source of asymmetry is present for the bulk crystalline FeCo

FIG. 7. �Color online� �a� Measured values of KU for field annealed amor-
phous alloys of composition �Co1−xFex�89Zr7B4 at TAnneal=400 °C �squares�
as well as the extrapolated values for TAnneal=540 °C �diamonds� assuming
the annealing temperature dependence follows �m�TAnneal ,x��2. �b� Estimated
contributions to KU �closed circles� from KUAmorphous �triangles� and
KUCrystalline �squares� for field crystallized alloys at TAnneal=540 °C by as-
suming VAmorphous=25% �closed symbols� and 40% �open symbols�.
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alloys that would also be active in KUCrystalline of the complex
nanocomposite alloys investigated here.

IV. CONCLUSIONS

The magnitude of field induced anisotropy in the
�FexCo1−x�89Zr7B4 and �FexCo1−x�88Zr7B4Cu1 alloys has been
investigated as a function of the relative amounts of Fe and
Co. For both field crystallized and field annealed amorphous
ribbons, a superposition of several mechanisms of field in-
duced anisotropy is required to explain the compositional
dependence. With the exception of the highest Co-containing
field crystallized alloys �x� �0.10� with multiple nanocrys-
talline phases �bcc, fcc, and hcp� for which a peak in KU is
observed �KU�2000–2500 J /m3�, the compositional de-
pendences are discussed by assuming directional pair order-
ing of Fe and Co atoms and additional contributions presum-
ably due to the presence of Zr and/or B. In this framework,
an asymmetry in the compositional dependence of KU for
field annealed amorphous alloys can be rationalized by a
strong dependence of the Curie temperature on Co content
for the amorphous phase. For the field crystallized alloys,
both the crystalline and amorphous phases can potentially
contribute to KU and a compositional asymmetry can result
from an increased contribution from the intergranular amor-
phous phase for the Co-rich alloys due to a strong depen-
dence of TC on Co content.
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