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1. INTRODUCTICN rently employed in super market, department
store, libraries, video rental and other mercha-
Propably one of the most commercialized ndise outet stores, as well as to monitor

applications of amorphous magnetic materials everything such as workplace valuables from

is one as a sensor for electronic article surve- computers, diskettes to sensitive documents

illance (EAS), ie., anti-theft security system. and even used as deterrent against infant ab-

Flectronic article surveillance systems are cur- duction from hospital.
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Such a security system consists of an elon-
galed ferromagnetic marker (a tag, strip or
label) which is attached to the merchandise or
assets o be protected. These magnetic mark-
ers produce the non-linear hysteresis loops
with non-linear permeability which are ahle to
generate high order harmonics (n @ 10-20) of
the fundamental frequency and these can be
detected as sharp voltage pulses by pick-up
colls.  When they are excited in field-senerat-
ing coils arrayed around a passageway, the
systern is alerted. Such tags are called har-
monic tags., The usage of this characteristic
is not. only limited to the anti-theft system but
also applied to pulse generating sensor eleme-
nts for rotary encoders, non-contacl switchers,
and various electric, magnetic sensors.

Since commonly available ferromagnetic ma-
terials do not generate such high order har-
monics, the population of "false alarm’ signals
is low. Although other high quality ferroma-
gnetlc materials such as square permalloy? or
"wasp-waisted” corstricted Perminvar loop¥
can serve for such purposes, as well, they are
less practical due to reduced relizbility in
service compared to the metallic glasses owing
to their lower mechanical and magnetic stabili-
ty which causes the degradation of their pe-
rmeability during manufacture, dispensing and
handling.

In order to fabricate these sensors, annealing
of the amorphous ribbons under magnetic field
is the crucial slep to obtain unigue signature
in hysteresis loop. During annealing, it is ob-
served that the surface and bulk of the amor-
phous material underge substantial oxidation

and erystallization.  Thus the microstructure

of the swface differs significantly from that
of the bulk . These distinctive microstructures
appear to be of critical importance for the
performance of the harmonic tags. Hence, in
this paper, the microstructural aspects of the
tags are discussed. Also, attempts are made
to correlate surface crystallization with macro-

scopic tag performances.

2. EXPERIMENT

A number of soft magnetic materials can he
used as the precursor to the marker material
Usable
metal-metalloid  compositions  whick  include

materials  are amorphous transition

transition metals comprising Co and Fe with
the total transition metal content 80 to &0
atomde percent and various combinations of
metalioid contents (B and Si). These precur-
sor amorphous alloys {(general formula Cos-x
Fe; (BSi) . were made by planar flow casting at
the Metglas Products Division of Allied-Signal
Corporation. Inifial corpositions were verified
by chemical analysis with Auger electron
(AES},
spectroscopy (XPS) and electron probe micro-
analysis (EPMA}.

terized by near-zero magnetostriction ((A,<1

spectroscopy X-ray photoelectron

These ribbons are charac-

x107% and high dc permeability in the as-
casl state. Differential scanning calorimetry
indicates that the onset of crystallization oc-
curs at 4856°C and maximum peak appears at
535T.

Ribbons with a cross section of 20mm X 3um
were cut to a length of 40mm.  Samples were
then first annealed under various time (3min.-

Thrs.), temperature {(250°C-420°C) and afmo-
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sphere in the presence of a 60 Oe longitudinal
magnetic field that saturated them along their
length. Maximum annealing temperature was
well below the crystallization temperature, 465
C. In this experiment, the second annealing
was performed at temperature as low as 3207
in a field free envirenment after the first an-
nealing was done with a 60 Oe longitudinal
field.

The field induced anisotropy was measured
by hysteresis loop tracing after the first anne-
aling. After the second annealing, the wall
pinning force (average of left and right pin-
ning force) vs. annealing time for different
annealing temperature was measured by hyste-
resis loop tracing with a drive field of 1.5 Qe
at 10 Hz. For the frequency domain analysis,
the material was driven by a 73 Hz excitation
from 0 to 2 Qe. The output level of the pick-
up voltage at 1.5, 2.5, 3.5 and 8 kHz with a
band width of 600 Hz was measured,

3. RESULTS

3.1 Fabrication of a pinned wall sensor

Harmonic sensors should generate the unique
response signal when the sensor is subject to
a magnetic field. One way to accomplish this
is to obtain the hysteresis characteristic of the
material which exhibits step changes in flux
{reentrant magnetic flux reversall at threshold
values (Fig. 1). Then the permeability be-
cormes highly non-linear and the high harmonic
content in the voltage pulse is significantly in-
creased.  As a result, the sensor’s response
signal becomes more easily detectable over the

lower frequency background noise and magne-

M

H

Hp+
Wall Pinning
Threshold:
Hpinning:
0.7-0.8 Oe

Fg. 1 Unigue hysteresis characteristic with step
changes in tlux at threshold values of the
applied field  Wall pinning thrashold 8 ind-
cated &8 Hunwg (Hre 8N o).

tic shielding noise which are often found to
exist in EAS systems. This hysteresis charac-
teristic is attributable to a domain wall config-
uration that remains pinned for increasing
values of applied field up to the threshold
value at which the pinned condition is disabled
causing a step change in flux.

Annealing of the amorphous ribbons is the
crucial step to obtain unigue signature in M-H
loop. These precursors undergo two step an-
nealing procedures at wide ranges of time and
temperature. The first annealing in the pres-
ence of a 60 Ge longitudinal magnetic field is
performed fo saturate ribbons along their
length. This annealing causes a field induced
in M-H leop (Fig. 2).
Then the ribbons are demagnetized to form

anisoiropy (offset)

magnetic domain walls. Subsequent annealing

{the second annealing) under the absence of
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Fig, 2. M-H ioops of Cow w e w5 B s amorpnous
nibbon artar fied annealing and ac demagna-

tization (uppor) and aftor positive  {sond
ourve) ana negative (dashed curve) field

oulsas of ordar 200 O=.

magnetic fleld gives rise to the pinned wall
stepped hysteresis characteristic which is indi-
cative of the useful markers.

The deactivation of this marker is accormpli-
shed by exposing the marker to ah ac decay-
ing (degaussing) fields with maximum field
amplitude from 50 Oe to 500 Qe in 50 Qe
steps.  During deactivation, additional domain

walls are created in the marker and these
walls remain in the marker after the marker is
removed from the deactivating field, Conse-
qguently, the marker exhibits a different hyste-
resis characteristic leading to less pronounced

step changes in flux or gradual changes in

flux. It is possible to obtain an asymmetric
magneiic reversal by biasing the marker with
a small magnetic field (H=03 Qe} below the
saturation level of the material during the
second annealing.  This is a special case of
the previcusly described symmetiric pinned wall
loop obtained after the second annealing in a

demagnetized state.

3.2 The eoffect of the microstructure on
the domain wall pinning

We have found evidence that domain wall
pinning is related to surface crystallization.
Fig. 3 shows the wall pinning force (Humues
vs. annealing time for different temperature.

At low temperature such as 320°C, wall pin-
ning with jittery switching threshold was ob-
served. It is found that wall pinning force
increases as the annealing time increases. For
a given annealing time, the wall pinning force
also increases with annealing lemperature. It

i5 observed thal the wall pinning force in-

080 7
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Fig. 3 Wal pirning Torce vs, amealng time after
[ne second anrealing. The Tirst anneanng 18
performed at 380°C for 30 min. under the
magretic fizld of 80 Og and the second an-
nealing was performed al temperature as
ow as 3207,
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creases quite drastically from 320°C to 3607TC.
It reaches a plateau above 3607.

It is also observed that the wall pinning
threshold of the resulting samples are very
stable except for 320°C, 5 min. and 15 min
anneal. At 320°C, stable wall pinning is a-
chieved with a longer time of 30 min. annea-
ling. TEM study reveals that specimens an-
nealed at 320°C for 5 min. and 1b min. exhi-
bit the partial crystallization of amorphous Co
layer, while specimen annealed at 320C for
30 min. shows a fully crystallized Co layer. It
is, therefore, believed that the semi-hard Co
crystalline layer is necessary for the stabiliza-
tion of the wall pinning. Annealing in N,
and Ar at 3807 for 60 min resulted in nei-
ther surface oxide formation nor Co crystalli-
Zation, leading to no reentrant magnetization
behavior. Etching of the surface faulted Co
layer makes the wall pinning disappear,
which again suggests that the wall pinning is
associated the faulted Co crystalline layer.
We also observed that there is a good corre-
lation between pinning field and thickness of
crystalline Co layer after the second anneal-
ing. According to Auger depth profile analy-
sis, The semi-hard Co layer thickness grows
in proportion to the borosilicate oxide layer
thickness with an approximate relationship of
eryscatiine Co tavor =0 Danetace oxide.

We observed a strong relationship between
the magnitude of the field induced anisotropy
and the magnitude of the wall pinning thresh-
old. Those which exhibited stronger fleld in-
duced anisotropy after the first annealing re-
sulted in more consistent and higher pinning

threshold after the second annealing,

4. DISCUSSION
4.1 Field induced anisctropy

Field annealing of polycrystalline or multi-
phase magnetic materials can lead to aniso-
tropic microsiructures which impose a magne-
tostatic anisotropy on the material® . In single
and polycrystals and in amorphous materials
the phenomenon of field induced anisotropy is
often explained in terms of atomic pair order-
ing with a preferred direction imposed by the

% There is abu-

direction of magnetization
ndant indirect evidence for pair ordering 2
based on the compositional dependence of in-
duced anisotropy. For an alloy of two mag-
netic species A.Bi., the field induced anisot-
ropy often varies with composition like x (1-x)
which reflects its dependence on A-B pair in-
teractions: x{1-x) is the probability of finding
an A-B pair in AB, .. |

We can define the deviation of the ith bond
direction or easy axis from ifs orientation in
an isotropic distribution as d#. 7The net ani-
sotropy energy density is related to the avera
ge of all d&s normalized by 4r: d&4rm
where df2=1/N3.., df. A direct pair anisotro-
py of order df¥4xL 107" is probably adequate
to account for the strength of the observed
induced anisotropy; thus such an anisotropic
pair ordering is very difficult to observe dire-
ctly by scattering experiments®.

All of the cwrrent theories of directional or-
dering, however, consider only pairs of mag-
netic elements or transition metal-metalloid
~ 13}

pairs®™*'® It is not evident from these theories

why a third element like oxygen does not con
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tribute 1o directional ordering although the
presence ol oxvgen to a certain degree s
always detected in many alloy svstems''!H,

We observed an important contribution of
OXygen to the response to heal treatment in a
magnetic field. We found that oxygen caused
impurity faults by condensing on the {111
planes of fee Co crystal.  There have been
similar reports that field induced anisoiropy in
Ni-Fe-Co crystalline alioys of fec structure
(Perminvars) correlates strongly with the for-
mation ol oxygen impurity faults on {111}
planes'”.  Nesbitt et al'® also reported that
constricted hysteresis Ioops found in Perminvar
afler heat ireatment were related to the OXy-
gen impurity faults. According to them, dif-
fraction cxperiments indicated that specimens
having constricted loops had fanits while those
having normal loops did not. This obscrvation
is rarely discussed in (exts on magnetic mate-
rials™™™ but it was well documented in the lit-

- an

erature'’ This model applies also to the

Permalloys* and to Nisle®. We are, there-
fore, surprised (o find a sirnilar correlation
between the strength of field induced anisotro-
py, pinned wall reentrant magnetization beha-
vior and the degree of faulting in the Co
crystallized layer lormed in annealed Co rich

amorphous alloys.

4.2 The mechanism of domain wall pinning

Aroca et al®. described the hulk pinning of
domain walls in annealed amorphous alloys Fe
fn[]Ni/‘.EJI)MBﬁ'

or without a field in order to develop a square

Their ribbons were annealed with

loop or pinned wall loop. The shape, sign and

strength of the wall pinning potential seen by

a domain wall moving through a resion of in-
duced helical anisotropy during low-field or
zero—fleld annealing has been described, They
reported no microstructural studies on their
samples. Their most impertant result for our
bresent purpose was to show the difference in
interaction potential between clockwise ()
and counterclockwise {-) walls with a clock-
wise induced helical anisotropy (THA}. They
Tound that a domain wall of 2 given chirality
interacts twice as strongly with an I[HA of the
same chirality as it does with one of the op-
posite chirality. Also the like-chirality inter-
action is at first repulsive, then more strongly
attractive, while the unlike interaction is weak-
ly atiractive at all wall separations {Fig. 4).
One important point ernerging from their anal-
ysis and depicted in Fig. 13 is that for a do-
main wall to enter a like~chirality THA requires
a field proportional to W1; to free itself frorn
this IHA requires a field pbroportional to W, +
W

This may be related to what makes the wail
pinning mechanism operale. Demagnetization
of the ribbon by a decreasing ac field may
send a random sequence of clockwise (<)
and counterciockwise (-) chirality walls to-
ward the clockwise (+) IHA. The former are
more likely to get stuck and require the next
nucleation event to be initiated from the edge
or end of the ribbon: the latter are only
weakly pinned in the THA and will likely to be
removed on the next half evele. Thus a wall
of the same chirality as the IHA is generally
re-established upon deragnetization. Thus
the wall pinning model suggested by them

predicts the strength and sign of the potential
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Induced Helical Anisotropy
in the ribbon

Iike-chirality wall
moving from the right
-

/7 —<\1
A

opposite-chirality wall
moving from the right

e
l \ _;:domaé wTall width

Pinning Potential
like-chirality
X

opposite-chirality

S

Ag. 4 Sketch of possiole induced nalical anisotropy
in the bulk of 2 zero-fieid annealed magnetic
materigl, Doman walls of the same chiralily
a3 the IHA will be strongiy pinned because
of their reduced maonstic anisotropy ensrgy
when theay coincide with the IHA. On the
other hand, domair walis have high energy

at the position of an IHA of opposite-chira-

ity

seen by a domain wall moving through a re-
gion of THA. However, the detailed nature of
the pinning mechanism has been described as
simple field induced helical anisotropy.

We explored the possibility that the flux
jump in pinned wall sensor may be due fo
freeing the domain wall from its pinning pote-
ntial rather than to nucleation of new walls at
the ribbon edge or end suggested by Schafer
et al®®_  Three observations support the
possibility of depinning the existing wall.

First, a flux jump was detected In ribbons ha-

ving two pinned walls. In this case, there is
ne need for wall nucleation at the saraple
edge, only at the end. Thus it is possible that
the existing walls are freed (de-pinned} from
their pinnings at the switching threshold (H=
Hisinning) -

Second, ribbons with widely differing edge
or end roughness show almost consistent
This would not

be expected if edge or end domain wall nucle-

switching threshold (Humne -

ation were responsible for the flux jump.
Third, the introduction of a semi-hard Ce¢ sur-
face layer during annealing of the ribbons
means that it is harder to move a pinned wall
because it Is now anchored at its ends in the
semi-hard Co surface but it is much harder to
nucleate a reversal domain at the ribbon edse
because that process initiates completely within
a semi-hard surface layer. However, we can
not entirely exclude the possibifity that pinned
wall switching occurs due fo nucleation and
srowth of reversal spike domains at the edge
or the end of the ribbon as all the existing
domain walls are pinned.

There are two possible models for the do-
main wall configuration in the ribbon right
after demagnetization, i e., just before the
second anneal. We are convinced that the
pinned wall may exist in a demagnetized rib-
bon not only Iin the center of the ribbon but
also occur at the interface between the amor-
phous and semi-hard crystallized Co layers.
It is important to point out that 180° demain
{crystallized Co/
amorphous Co) of different anisotropy. The

wall straddles two layers

wall pinning processes are considered as fol-

lows. The schematic of wall pinning modes



206 AR R 318 A4 1998

with and without surface semi-hard Co layer
is shown in Fig. b. The semi-hard crystalline
Co layer is created during the first anneal and
so Is in a single domain state because of the
field present during that anneal. During a
dermagnetization, however, the semi-hard sur-
face layer still remains in the magnhetized
remanent state (remanent magnetization @ 200
Gauss) due to a high anisotropic crystalline
Co layer.

If we consider a simple bulk wall pinning
model (Fig. Ba), a single vertical domain wall
lies near the center of the ribbon (vertical
domain wall), but displaced by d such that M
=200 G, It is important to note that the ver-
tical wall does not coincide with IHA. Since
the wall is not pinned in [HA, the wall pinning
strength is weak. However, if we consider the
sermi-hard Co surface layer created during the
first magnetic annealing domain configuration
can be differently depicted. With the surface
wall pinning mode! (Fig. 5b), the amorphous
interior supports & vertical wall as well as in-
terfacial horizontal wall between the semi-
hard layer and the soft amorphous layer, So
from the perspective of the domain wall, the
strength of wall pinning of the two states
should be gquite different. The stable wall
pinning is obtained in a specimen with a sur-
face Co crystallized layer shown in Fig. bh
since the interfacial wall pinning site provides
much larger area for wall to be pinned at.
Consequently, the vertical wall is not as
strongly pinned as is the horizontal interfacial
wall.

The cobalt-rich layer which is present dur-

ing the second anneal appears to enhance its

Induced Helical Anisotropy

Wall pinping site for a vertical wall
{a) Bulk Model

4|
Wall pinning sites forla verticat and horizontal walls
(b) Surface Model

Fg. ba Bulk model @ After demagnetizabon, tag s
N a remanent state M>0 and a vertical
cdoman wall s dsplaced by & from the
center of the ritbon. The dsolacement &
s exaggeratec Tor Clarity.

Fig. 8o, Surface  model | After demagretizetion,
the surface semi-hard Co layer has rema-
ned magrstized. A vertical wall as wel
ag interfacial horizontal wall between the
semi-hard layer and the soft amorghous
layer exists in the amorphous interior.

pinning efficacy. We speculate about the de-
tails of the mechanismn by which this layer
strengthens wall pinning during the second
anneal.  Possibilities include 1) further in-
crease in cobalt layer crystallinity or thickness
in the presence of the domain wall magneto-
static field, 2} more effective field induced
anisotropy ag oxygen impurity fault structure
develops in cobalt layer, and 3) growth of
the cobalt layer into the interfacial twist layer,
resulting in its stabilization.

It is still not clear which microstructural

features during annealing cause the induced



207

helical anisotropy (IHA) in the center of the
ribhon. However, the annealing appears to
induce a localized anisotropy around the verti-
cal wall in the form of cobalt grain texture in
the center of the ribbon. Therefore, we spec-
ulated that this localized texture may stabilize
a vertical wall pinning.

5. CONCLUSION

By annealing a strip of cobalt-rich, near-
zera magnetostrictive alloys, a novel type of a
harmonic tag is fabricated. This marker exhi-
bits a ﬁinned wall hysteresis characteristic
with a step change in flux at' a threshold
value of applied field. This hysteresis charac-
teristic is attributable to a domain wall config-
uration that reréains pinned for increasing
values of applied field up to the threshold
value at which the pinned condition is disabled
causing a step change in flux.

During annealing, it is observed that the
surface and bulk of the amorphous material
undergo substantial oxidation and crystalliza-
tion.

The domain wall pinning appears to be
strengthened in the pre-grown semi-hard
crystallized Co layer since the amorphous in-
terior supports a vertical wall as well as inter-
facial horizontal wall between the semi-hard
layer and the soft amorphous layer.
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