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1. INTRODUCTION

A field-displaced M-H loop (referred to as
exhibiting exchange anisotropy) is generally
ass’C lated with exchange coupling between
two intirnately contacting magnetic materials
having very different coercivities. It is not ob-
vious how to explain the appearance of ex-
change anisotropy in amorphous alloys heat
treated well below their bulk crystallization
temperature, T. Glancing angle X-ray diffrac-

tion from samples annealed at temperatures

up to 400C showed a broad diffracted peak
while TEM revealed striking microstructural
features for samples annealed as low as 250
C. We have therefore used transmission elec-
tron microscopy (TEM} to obtain direct micro-
structural evidence of field annealing and
early stages of crystallization in amorphous
cobalt rich: alloys. We describe what we believe
to be the most detailed microscopic evidence
to date of the micromechanisms of field anne-

aling cobalt rich amorphous alloys.
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2. EXPERIMENT

Amorphous Cows—Fe: (B3, alloys were made
by melt spinning. Compositions were verified
by chemical analysis with Auger electron
spectroscopy (AES), X-ray photoelectron spe-
ctroscopy (XPS) and electron probe micrcana-
lysis (EPMA). These compositions are cha-ra-
cterized by near-zero magnetostriction (AT %
107% and high d.c. permeability in the as—cast
state. Differential scanning calorimetry indica-
tes that crystallization starts at 465C and the
crystallization peak maximum Ccurs at 5357,
Ribbons with a cross section of 20X 2mm
were cut to a length of 40mm. Samples were
then [ield annealed (60 Oe w.r.t. a long ribbon
axis} for various times (Smin.-Thrs.), at diffe-
rent temperature (25GC-4407T) and in air or
flowing dry nitrogen. Maximura annealing tem-
perature was set well below the temperature
for the onset of crystallizaiion, 4657,

M-H loops were taken on 40 mm single
lengths of ribbon using a balance pair of op-
posing pickup coils and a loop (racer. Ex-
change coupling was measured as an offset
(Huwt I the hysteresis loop.

In order to obtain direct microstructural evi-
dence of the carly stages of crvstallization
and of Tield annealing, we used transmission
electron microscepy (TEM) {(JEOL 200 CX and
Akashi 002B operating at 200 keV). Scanning
TEM (STEM)} observation was made using a
VG HBS FEG-STEM with LINK LZ-5 X-Tay
detector.

Several series of clectron-transparent plan-

view TEM specimens were prepared using a

single or double gun argen ion rmilling method.
Ion milling was performed in a liguid nitrogen
cold stage to avold possible beam heating.
Electron microprobe analysis with STEM was

used to obtain 1Cal compositional information.

3. RESULT AND DISCUSSION

3.1 Magnetic measuremenis,

The alloys studied are listed in Table I. The
Tield annealed ribbons showed coercivities in
the range of 40 to 100 mOe (Fig. 1). The ani-
sotropy [leld, of order 1 Oe, is due mainly to
demagnetization of the 40 mm long samples.
The loops also showed a weak exchange ani-
sotropy as indicated in Fig. 1. The exchange
anisctropy varies systematically with increasing
annealing time and temperature (Fig. 2). Spe-
cimens field-annealed in nifrogen atmosphere
did not exhibit any offset. The offset vanishes
upon bulk crvstallization of the ribbons {e.g.
10 min at 440°C). Exchange anisotropy in the
loop of a soft magnetic material is generally
caused by exchange coupling between the soft
material and a hard or semi-hard component.
The microstructural origin of this exchange

anisotropy is of interest.

Tacle 1 Comocstion of the aloys studied.

Material Designation Alloy Composition (atls)

5-0 material Cos o Fegn By

5-Z material Cowes Feqra Sl Bulas

8-8 material Correzs ey sy Siyy Bros

S~10 material Com g Fogr Sl Bls

5-13 material Com o Fee s Shizg By
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Fig. T M-H loops 0f Com e nSie Bise amerphous
rivbon after fisld annealing ang ac dema-
gnetization (ugper) and sfter positive (sold
cuve) and negative (cashed curve) field
pulses of order 200 Oe.

4, Surface oxide.

Amorphous Co.FesBisSi: has a crystaliiza-
tion temperature of approximately 4656C. How-
ever, annealing in air at temperatures as low
as 260°C leads to the formation of a surface
oxide. Our TEM/STEM investgations show the
oxide at the surface of the ribbon to be nonma-
gnetic borosilicate (B;0:+5i0.) (Fig. 3. Ele-
ctron diffraction patterns obtained from these
oxides indicate that they retain amerphous
structures. In the case of 8-0 (ConFe:Ba) and
5-2 (ConFedBiSiz) ribbons {(vefer te Table I
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Fig. 2 &) Feldannealing response of Com sl s rSis .
B s amorphous ribbon (S~2 material) anne-
aled at 380 for varicus duration of time.

b} Feid annealing response of Comn d e, 75
21Bias Bmorphous sbbon (S-2 material)
annealed for 10 min. at vanous temoera-
TUres,

for composition), the oxide is largely B.0s
type (determined by AES and STEM) and its
diffraction pattern indicates only weak atomic
correlations ie. it is highly disordered and po-
rous (Fig. 3a). In the $-13 ribbons, the oxide
is predominantly Si0. with a compact structure
showing more short range order in its electron
diffraction pattern (Fig. 3b}. The oxide
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Fig. 2 TEM brighs feld image o the amorphous
axide formed on the orysialized subsira

2 ool @S By (Centfiec as 52
~eteral; duing annesling at 380°C Tor 80

inslian
a) Iiffraciicon paiten ootanad from toa
oxice  layer lormec  on 52 matznsl
shoveng amorphous halo (nset ! schema-
tic iImtensity dsiriouion)

o) Diffracton oatzerm obtance 0™ he
oxide  layer formed on S-1530 maiers
showith amorphous talo which shows
higrer dogroe ¢f spali@l corre

paad to Pg 32 (nset ! schematic infen-

sty deiribution

formed on the S-8 ribbon appears 1o possess
an intermediate state of packing.

The Tormation of the surface oxide reduces
the concentration of glass-stabilizing elements
(B and Si} in a thin layer of the underlying
amorphous alloy. This has been confirmed by
in-situ microanalysis and Auger depth profile.
This metalloid reduction leads to a decrease in
the crystallization teraperature T, of the amor-
phous alloy just beneath the oxidized surface.
Consequently, after sufficient time f{e.g. 30
min at 3807, well below the butk T.) a mag-
netic, crystalline, cobalt-rich layer (10 to 100
nm in thickness) forms beneath the oxidized

surface.

5. Crystalline cobalt.

The microstructure of the cobalt layver in S-
 and S-2 ribbons consists of fauited nan®C
rystalline Co with a {ace centered cubic struc-
ture (Fig. 4). That of S-13 ribbon was com-
posed of unfaulted nan‘Crystalline Co with a
close packed hexagonal structure (Fig. B). A
mixture of hexagonal and cubie Co crystallites
was observed in S-8 ribbons. Two distinctive
microstructures appeared in 5-10 ribbons:
after low temperature anneal, oxidation gov-
erned the microstructure and the result was
crystallization to hep phase: at high tempera-
ture, thermodynamically stable fec Co phases
lormed.

The striking micrestructural feature we ob-
served in the face-centered cubic metal phase
is a high density of faults. The faulting was
clearly demonstrated both in a real (Fig. 4a)

and reciprCal (Fig. 4b) space. In aggressively



Fig. 4 a) TEM bright field images of the crystalli-

zed substrate CJOM, gaFef.,HSlz |BLEq ({Jeiﬁlf\@d
as S-2 material) during arnealng st 3807T
for 80 min. .
o) Ciffraction patters obtained from faultea
nano-crystailites, The posticn of the diffra-
cted maxima indicates that (200) diffracted
ring 18 missing from the fce diffract-on pat-
tarn {See mset. Missing ring s ndicated by
an arrow.).

anhealed samples, the ribbon surface was cov-
ered with highly faulted crystallites which ap-
pear t¢ form on the {111} planes of fee Co.
These faults consist of {111} planes of oxygen
atoms which interrupt the normal stacking of
planes of fec Co along <111> directions. The
major source of oxvgen for these faults is the

atmosphere during annealing since samples

Fig. & TEM orignt field 1image of the crystalized
supstraie Cog e @ wSidBes  (icentifed as
S5-13 material) during anresling at 33C°C for
80 min. {nsal: nep diffract:on pattern)

annealed in nitrogen did not show faulting.
Significant exchange anisotropy was observed
only in cases with strongly faulted fce cobalt
lavers.

6. Discussion

A {111} oxygen fault plane is 1Cally coardi-
nated like a {111} oxygen plane in CoOFe s
spinel ferrite. This local spinel-like planar de-
fect probably has much stronger magnetic an-
isotropy energy ass Ciated with it (for cobalt
ferrite, K,=2.5x10° J/m* than does the par-
ent alloy (for Perminvar, K, =10° J/m* and for
Permalloy or amorphous Co-rich alloys, K, =10
J/m®. The details of how the oxygen faults
affect exchange coupling are unclear.

This new mechanism of exchange anisotropy
which we have found fo operate in cobalt-rich
amorphous alloys appears to be similar to that
identified by Heidenreich and Nesbitt” to be
responsible [or field annealing in crystalline

Co-Ni-Fe (Permendwr and Permalloy) alloys
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and field-induced ordering in Ni:Fe by Nesbitt
et al?. We speculate that the faulted surface
crystallized layer acts like a semi-hard magnet
that is exchange coupled to the interior of the
ribbon, As the - surface crystallization and
faulting increases, the exchange coupling in-
CIeases.

We can estimate the exchange field” due to
such a thin layer of semi-hard cobalt in con-
tact with the amorphous ribbon of thickness t.
and saturation magnetization, M. The soft ma-
terial is thicker than a domain wall width, Spy.
s while the interfacial spins remain coupled
to the direction of the cobalt moments, a do-
main wall is created in the soft material par-
allel to the interface when a reverse [field is
applied. This wall allows much or all of M, (o
be parallel to the applied field without bregk-
Ing the moment coupling at the interfacc. in
this case the field energy 2M.H..t. per unit in-
terface area only has to be cnough to create
the domain wall of energy per unit area opg=
44 (A Ku} in the amorphous alloy. Hence M,
He 4.-280) =44 (A Kw giving H.=01 Oe
using A=10"° erg/om, Ku=10" erg/m’, M,=
800 Gauss and t.=20 microns. So this egualion
gives a reasonable number for the largest
ohserved exchange Tield.

Further details of the microstructure of

these samples will be published elsewhare®,
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