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Oxygen condensation stacking faults in
crystallized Co found during magnetic
annealing of Co-rich amorphous alloy
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Amorphous Co7s.06_xFes74(BSi)ag.x (0 < x) magnetic alloys were examined with
Transmission Electron Microscopy (TEM) after magnetic field annealing. TEM analysis
revealed that the crystallized Co layer under the surface oxide could be highly faulted with
planar defects depending on the composition. Based on the electron diffraction, we have
proposed a new form of stacking fault in which two oxygen atoms are substituted for FCC
Co in the {111} planes to create randomly distributed clusters of oxygen atoms on the Co

{111} planes. Such clusters would explain the absent {200} peak in the highly faulted
composition of crystallized FCC Co and the streaks observed in the electron diffraction
pattern of the material. The oxygen fault was also closely related to the magnitude of the
induced magnetic anisotropy of the material, suggesting the Co—O bonds acting as the
localized antiferromagnetic region. © 2002 Kluwer Academic Publishers

1. Introduction

Soft magnetic materials produced through rapid solid-
ification technology represent an unique class of mag-
netic materials characterized by high permeability, high
B-H loop squareness and low coercivity [1]. In addi-
tion to the excellent magnetic properties, the hysteresis
loop of the glassy materials can be easily tailored by
annealing in an external magnetic field and inducing
a magnetic anisotropy within the cast strip [2]. Out of
the recently developed metallic glass systems, the Co-
based alloys exhibit the best soft magnetic properties
with near zero magnetostriction, which renders the ma-
terial a potential candidate for host of industrial applica-
tions including magnetic recording head and electronic
security sensor [3-6].

Our previous microstructure study of the Co7s.26—»
Fe4 74(BSi)20+x (0 < x < 5) magnetic strips showed that
during the field annealing process at temperatures be-
low its bulk crystallization temperature, the Co-based
amorphous alloy will develop a complex layer of mi-
crostructures depending on the composition and an-
nealing temperature [7]. The magnetic properties of
the annealed strips were dictated by the resulting mi-
crostructure of the film. One of the distinguishing
features in the microstructure was the high density of
planar defects found in the crystallized FCC Co layer
underneath the surface oxide of the film. As the density
of the faults was closely linked to the magnitude of the
exchange anisotropy found in the material [8], it is of
great importance to identify the source of such defect
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in order to tailor the magnetic properties of the material
as desired.

In this study, Transmission Electron Microscopy
(TEM) was used to provide crystallographic evidence
for the nature of the fault found in the crystallized Co
layer.

2. Experimental procedure

Amorphous Co7s 26—y Fes 74(BSi)204+, for 0 <x alloy
films were produced by planar flow casting at the Met-
glas Products Division of Allied-Signal Corporation,
Parsippany, NJ.

Typical samples produced were 20 um thick and
3 mm wide. Supplied compositions of the samples
were verified by chemical analysis with X-ray pho-
toelectron spectroscopy (XPS) and Energy Dispersive
Spectroscopy (EDS) and the agreement was within the
experimental error.

Differential scanning calorimetry (DSC) was used
to determine the crystallization temperature. DSC in-
dicates that the onset of the crystallization of amor-
phous Co7s.26—Fes 74(BSi)y04, occurs at 465°C with
its maximum peak at 535°C. Magnetic field annealing
was done below its crystallization temperature in a lon-
gitudinal magnetic field of 60 Oe.

Transmission Electron Microscope (TEM, JEOL
2010) was used to study the microstructural detail of the
Co-rich amorphous alloy. To prepare the TEM speci-
men, an ion mill was used to thin the sample to the
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desired depth using a liquid-nitrogen cooled cold stage
to ensure minimal heating of the sample during milling.

3. Results

Shown in Fig. 1a is the TEM bright field image of the
crystallized Co layer grown under the borosilicate sur-
face oxide on the Co746Fe474B1g.9Sio; annealed at
400°C for 12 min. The fringe contrast seen within the
Co grains suggests existence of planar defects in the lat-
tice, which is further confirmed by the numerous streaks
on the {111} diffraction ring in the corresponding elec-
tron diffraction pattern of Fig. 1b. The streaks are gen-
erated by thin plate-like defects lying on the {111} plane
of the Co lattice as the streaks lies tangent to the {111}
and {222} rings. The pattern in Fig. 1b shows that the
crystallized Co appears to have the face-centered cubic
(FCC) structure. In Fig. 1b, the diffraction pattern does
not have the {200} peak, which should be present for the
FCC lattice. In fact, we have found the missing {200}
peak to be the unique signature of the highly faulted Co
structure for the composition.

In Fig. 2a and b are the TEM bright field im-
age and the electron diffraction pattern of the
Co7s6Feq74B1gSip;  alloy annealed under same
condition. In contrast to Fig. 1a, the TEM image shows
arelatively low density of the planar defects on the FCC
lattice. Although two samples differ in composition
only slightly, the marked difference in microstructure
arises as the metalloid concentration is near the critical
concentration (as previously determined to be ~20 at.%
for B + Si [7]) below which islands of borosilicate and
cobalt oxides develop. The porous surface oxides allow
the excessive ingress of oxygen to the sub-surface,
leading to the internal oxidation of Co. The internal ox-
idation products can be seen along the grain boundary
in Fig. 2a [7]. The difference in the diffraction pattern
is also noted in Fig. 2b which is comparatively free of
the streaks in agreement with the bright field image.
Furthermore, the diffraction pattern has the (200) ring
as normal FCC Co in contrast to Fig. 1a, indicating a
crystallographic difference between two Co cystallites.

4. Discussion
4.1. Microstructure
The absent {200} peaks in Fig. 1c could have originated
from the phase transition of the FCC Co crystals into
other FCC derivative structures such as diamond cubic
(Fd3m) and zinc blende (F43m) structures. However,
since the diamond cubic lattice involves the directional
arrangement of atoms (tetrahedral), the structure is in-
consistent with the close packed arrangement of the
metallic bonding in the FCC cobalt crystallites.
Chemical analysis of the highly faulted Co grain in-
dicated that the grain was enriched with a substantial
amount of oxygen, in which case oxygen atoms could
occupy four of the tetrahedral interstices as in the zinc
blende lattice in order to produce a weak {200} peak
that may not be observable. However, the oxygen atom
would be too large to be accommodated in the tetrahe-
dral site. Another possibility is the formation of Co3O4
with a spinel structure which would forbid the {200}
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peak, but the lattice parameter of the oxide is much
larger than that of Co. Moreover, none of the above
proposed structures would explain the streaks appear-
ing in the diffraction pattern of the faulted Co grains.

Given that it is unlikely that the missing peak in the
faulted crystals are due to the phase transition, the ab-
sent peak appears to be related to the high density of
the planar defects found in the Co crystals. Although
the hexagonal closed packed (HCP) structure is the sta-
ble form of Co at room temperature, the energy differ-
ence between the FCC and HCP for Co is sufficiently
small that both structures can be stabilized at room tem-
perature [9]. It is also known that cobalt can undergo
a martensitic transformation from FCC to HCP [10].
Thus, it is possible that stacking faults or twins could
be created as a result of the allotropic transformation
of the cobalt during crystallization. However, the pat-
tern in Fig. 1b does not show any presence of HCP
phase; nor does the existence of twinned faults can be
responsible for the missing peak.

None of the possible microstructure satisfactorily ex-
plains the diffraction pattern of the faulted cobalt; we,
therefore, postulate a new structure in which the oxygen
atoms randomly substituted on the FCC Co lattice as
described in Fig. 3a. The radius of oxygen atom is
0.62 A which is almost exactly half of that of cobalt
atom (1.25 A) so that two oXygen atoms can occupy sin-
gle cobalt site on the {111} plane, creating extra {400}
planes. The oxygen occupied {400} planes which pos-
sess equal scattering amplitude as {200} planes will
reduce the {200} diffracted intensity. It is likely that the
oxygen atoms will be randomly distributed among the
Co {111} planes as shown in Fig. 3b, leading to clusters
of oxygen atoms lying on the {111} plane. Such thin
cluster will give rise to the streaks found on the diffrac-
tion pattern. Thus, the stacking fault arising from the
oxygen condensation can explain the absent {200} peak
and the streaks in Fig. 1b. The oxygen condensation on
the Co {100} actually resembles the Guinier-Preston
zone consisting of a plate-like cluster of Cu atoms
on the {100} plane of the aluminum matrix in the
Al-4%Cu supersaturated solution [11].

The correlation between the observed faults and
oxygen in the Co7426Fes74B13.9Sip.1 strip is also ev-
idenced as the argon-annealing atmosphere substan-
tially reduced the number of faulted crystallites. TEM
bright field image of the Co74.26Fe4.74B18.9Sis,| ribbon
annealed in Ar atmosphere is shown in Fig. 4. Highly
faulted Co crystallites, similar to Fig. 1a, have been
also observed, together with fault-free FCC and HCP
Co crystals, after annealing the melt-spun CogyB, al-
loy at 350°C [12]. Although their annealing was done
in vacuum, it is likely that the trapped oxygen in the
meta-stable material would induce such stacking faults
in localized region.

4.2. Magnetic properties

Shown in Fig. 5 is the typical hysteresis loop of
Co75.26—xFeq.74(BSi)04, alloy after two-step field an-
nealing in order to be used as a domain wall pinned har-
monic sensor [13]. The quality of the sensor is judged
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Figure 1 (a) TEM bright field image of the crystallized Co layer with high density of planar defects in the Co74.26Fe4 74B15.9Si2.1 alloy annealed
at 400°C for 12 min.; (b) Electron diffraction of the region with the missing {200} ring. The inset shows the diffraction pattern of the normal FCC
structure with the {200} peak indicated by the arrow.
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(b)
Figure 2 (a)TEM bright field image of the crystallized Co layer in the Co7s 26Fes 74B13Si> alloy annealed at 400°C for 12 min.; (b) Electron diffraction
of the region.

by having a large H,,, wall pinning threshold which is  dissimilar domain pinning mechanisms in the material.
determined by the nature and density of the domain ~ While the composition, Co74.26Fe4 74B 189512 1, had H,
wall pinned sites. of ~0.7 Oe, the cast strip in Fig. 2 showed negligible

The strips based on the above two composi-  magnitude of the field induced anisotropy. Moreover,
tions exhibited different magnitude of H,, suggesting when the Co7426Fes74B139Sip strip was annealed
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Figure 3 (a) Oxygen layer formed on the Co {111} lattice plane such
that two layers of oxygen atoms replaces the single layer of Co;
(b) Side-view of random distributed oxygen cluster on the Co {111}
planes.

Figure 4 TEM bright field image of the crystallized Co layer in the
Co74.26Fe4.74B 1395121 alloy annealed at 400°C for 12 min in Ar atmo-
sphere, showing reduced amount of faults compared to Fig. la.

in Ar atmosphere, the material not only showed less
faulted crystallites as shown in Fig. 4, but the pinning
threshold was noticeably reduced.

Judging from the different magnetic properties, it is
likely that the proposed presence of the oxygen in the Co
lattice has a strong bearing on the magnetic properties

> =

e > H

H, = wall pinning threshold

Figure 5 Schematic drawing of the hysteresis loop of the
Co75.26—xFeq74(BSi)a0+, alloy after two-step annealing, showing the
wall pinning threshold, H,,.

of the material. It is speculated that the spin arrange-
ment near {111} oxygen plane may resemble that of
antiferromagnetic CoO, so as to give the material a
localized antiferromagnetic region around the oxygen
cluster. Such localized antiferromagnetic region would
lead to magnetic anisotropy through exchange coupling
between cobalt and the oxygen layer. A strong field in-
duced anisotropy has been reported in the surface ox-
idized fine Co particles and a similar mechanism has
been used to explain the induced anisotropy [14].

5. Conclusion

Electron diffraction of the crystallized Co layer in the
amorphous Co-rich alloy revealed that the Co crystal-
lites are highly faulted depending on the composition
and the annealing conditions. The fault appears to be a
form of stacking fault where the oxygen atoms are ran-
domly substituted in the Co sites, creating a plate-like
cluster of oxygen atoms on {111} planes. Such cluster
of oxygen atoms would have a strong bearing on the
magnetic properties of the material since the oxygen
fault appears to closely related to the magnitude of the
induced magnetic anisotropy.
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