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The vacuum-annealed Ni,Fe,/Ag discontinuous multilayers were found to show giant magnetoresistive
behaviors comparable to those of corresponding multilayers annealed at atmospheric pressure in a
mixture of H: and Ar, This vacuum-annealing process will offer potential advantages, enabling a
continuous batch process from the deposition to the annealing. Their giant magnetoresistive behaviors
were attributed to the magnetostatic coupling that are induced at the edges of the discontinuous magnetic
grains. We also present our results about the multilayer patterned into a basic device for the magnetic

field sensor.

I. Introduction

Since the discovery of giant magnetoresistance (GMR) in
[Fe/Crla superlattice{1,2], various GMR materials have
received a lot of attention from the magnetic recording
industry as promising candidates for new magnetoresistive
(MR) field sensor materials. Some of the important
parameters for field-sensor applications are the maximum
MR ratio, the field sensitivity. the saturation field, and the
offset field of a transler curve. NiFe/Ag discontinuous
multilayers discovered by T. L. Hylton et al. [3] display a
high magnetoresistance and sensitivity in relatively small
magnetic fields. The high ficld-sensitivity was attributed to
the weakness of the magnetostatic interlayer coupling [4]
caused by discontinuities among magnetic grains. It 1s
generally accepted that the magnetostatic coupling between
adjacent NiFe layers is induced by edge moments located at
discontinuitics in the NiFe layers. Scveral studies [3,5]
indicate that these discontinuitics are produced by grain
boundary diffusion of Ag into the NiFe layers during a post-
annealing and thus these multilayers require post-deposition
anncaling to obtain a GMR response. Usually the anncaling
is performed in a rapid annealing furnace for about 10 min
in a Ha-Ar ambient at temperature of 300 to 400TC.

[n this article, we present an alternative vacuum-
annealing approach for the annealing process, rather than
the previous anncaling process [3.5,6]. This ncw process
offers many potential advantages as compared to the carlicr
technique, making it possible to complete the deposition and
annealing process continuously. After anncaling, the
magnetoresistive  behaviors  of these vacuum-annealed
discontinuous multilayers were examined and interpreted in
terms of a interlayer coupling.

In addition, an annealed sample was patterned using
standard photographic technique and its magnetoresistive
behaviors were also investigated.

I1. Experiment

The multilayer structures consisted of the following
stack: Ta (40A, buffer layer)/Ag (20A)/NiyFe,, (15A)/[Ag
(lAg)/Ni,“,Fcy,(ISA)]7 /Ag (20/0\)/'1"(1 (100A, capping layer),
where tag 1s 404&(811]]1[)]0 set A), 45A (sample set B), and
50A (sample set C). deposited on Si substrates. They were
prepared by 3-gun DC magnetron sputtering system with a
base pressure below 2 X 10 Torr. The natural oxide layers
on substrates were not eliminated. The films were deposited
at room temperature and in 3 mTorr of Ar, and with a
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magnetic field of 300 Oe during the film growth. The
samples were annealed in a vacuum chamber for 10 min
with a base pressure below 2X 10° at various
temperatures from 320C to 4207 . Some samples with
equal structures were prepared with and without a magnetic
field and compared with cach other, but they exhibited no
difference in GMR behaviors before and after an annealing
trcatment.

Torr

MR transfer curves were measured using the four-point-
probc method with maximum magnetic fields of 120 Oc in
the [ilm plane. the transfer curves, two MR
characteristics, i. e., the maximum MR ratio (MR, ) and the
offsct field (H,,,) were calcutated. X-ray ditfraction (XRD)
scans were obtained in the conventional 6-26 reflection
geometry.

From

An anncaled sample among sample sct B (1, = 45A) was
patterncd into device using standard photolithographic
techniques and then etched by ion beam. The patterned
device was then overcoated with Au current pads to
climinate the lead resistance during the MR measurcment.

1. Results and Discussion

Figure | shows the variation of magnetoresistance

transfer curves with the annealing temperature lor three

_ 51—

samples with different Ag thickness of a) 40A, b) 45A, and
¢) 50A. The magnetoresistance curves of corresponding
unannealed films were also shown. No significant GMR
response was observed before the annealing treatment, i. c.,
in the as-deposited stage. After the vacuum-annealing,
samples  manifested GMR and their MR
characteristics were found to vary as a function of the
anncaling temperature. As the annealing temperature is
increased, the MR first increases then decreases and the
Hun increascs, regardless of the thickness of Ag layer. For
MRuu's and Hu's calculated from  transfer
curves for three sample sets are summarized in Figure 2.
Sample sct C (ta:=50A) achicved the largest MRuw of 4 %
for an anncaling temperature of 350%C. For all sample sets,
Hui's fall into a range from 0 Oc to 25 Oe. It can be found
that there exists lemperature regions where the MRu's
remain quite high with slight decreases while the Hor's
experience significant increases. For example, in sample sct

responscs

convenience,

A . as the annealing temperature is increased from 350C to
380 the MRuux decreases [rom 4 % to 3.5 % while the Hon
increases from 1.81 Oc to 5.2 Oc. The Han olten correlates
with the field-sensitivity for a given MR curve. In general, a
GMR multilayer with a large Hor is likely to have a sinall
ficld-sensitivity. From the results shown in Figure 2, it is
also found that the samples with the thicker Ag layers have
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Fig. 1. Magnetoresistance curves for Si/Ta(40A)YAg(20A)/NiFe(15AY[Ag(t, NiFe(15A)]/Ag(20A)/Ta(100A) with (a) ta=40A,
(b) tas=45A, () tae=50A. Annealing temperatures were (1§ ) as-deposited, (i) 320°C, (iii) 350C. (iv) 360°C, ( v ) 3707C, (vi) 380

T, (vii) 400°C, (viii) 420C.
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Fig. 2. Maximum magnetoresistance (MRuw) and offsct ficld (Har) versus anncaling temperature for Si/Ta(4()A)/Ag(2()A)
INiFe(15A)[Ag(ta)/NiFe(15A)],/Ag(20A)/Ta(100A), where (a) ta=40A., (b) taw=45A, (¢) La=50A.

somewhat larger MRua. This result will be discussed in of GMR multilayers is the spin dependent scattering [ 1], the

detail below.

The most prominent features of the MR characteristics
data are ( i ) that the vacuum-anncaling process yielded a
GMR  performance comparable (o the carlier Ar-H,
anncaling process [3,5,6] and (i1 ) that the combination of a
large MRuue and small Hon . which is desirable for the high-
performance  field sensors application, can be  realized
through the appropriate control of the vacuum-anncaling
temperaturc.

As the physical basis of the magnetotransport propertics
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antiparallel alignment of magnetic moments at small ficld
region 1s essential to the development of GMR in
discontinuous multilayers. T. L. Hylton et al. 13} and J. C.
Slonczewski [4] proposed that the unnealing treatment of
NiFe/Ag multitayers  causes  layer discontinuitics, thus
creating a magnetostatically induced antiferromagnetic order
which results from the magnetostatic energy of adjacent-but-
separate magnetic moments. The coupling whose origin is
ferromagnetic is reduced dramatically as the NiFe grains are
physically separated by the annealing treatment. The relative

» after annealing

NFe NiFe
Ag

Nife|  [NiFe,

(b)

Fig. 3. Idealized diagrams illustrating the development of discontinuity in Nifie/Ag multilayers upon annealing. (a) and (b)
represent the simplified cross-scction of an as-deposited and anncaled multilayer, respectively. Corresponding arrangements of

. . . , ,
magnetic moments for two cases arc shown in (a) and (b)" .
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strength of the two types of couplings dominantly affect the
MR characteristics. To overcome any ferromagnetic
exchange coupling and destructive effects like the
anisotropy dispersion., the strength of the magnetostatic
coupling must be strong enough. At the same time, however,
it is desirable to make the coupling strength as small as
possible for the field sensitivity is inversely proportional
with it. Earlier reports suggested that the high field-
sensitivity of annealed NiFe/Ag multilayers can  be
aitributed to the weakness ot the magnetostatic interlayer
coupling.

The anneal-induced magnetic  discontinuities can  be
attributed to the diffusion of Ag into the NiFe layers along
the vertical columnar-grain  boundaries which normally
exists in sputtered structures. Before anncaling, a multilayer
consisting of immiscible magnetic and non-magnetic layers
can be simplified like the idealized diagram shown in Figure
3 (a). When it is anncaled at some temperature of 300C to
400°C, the Ag ditfusion along grain boundaries occurs and it
causes structural discontinuitics between NiFe grains, as
shown in Figure 3 (b). Previous transmission clectron
microscopy (TEM) and X-ray diffraction work [5] has
illustrated the separation of the NiFe grains with increasing
annecaling temperature. The breakup of NiFe layers due to
the anncaling might be also supported by our XRD results.
Although no x-ray diffraction models have been published

t,=45A
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MR=3.5% 340 ¢
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Fig. 4. Normalized high-angle XRD patterns and

magnetoresistance values for Si/Ta(40A)/Ag(20A)/NiFe(15A)/
[Ag(45A)/NiFe(15A)1/Ag(20A)/Ta(100A) in the as-deposited
condition and after annealing for 10 min at different
temperatures. The diffraction intensity (in counts) tends to
increase as the annealing temperature increases. Their values
are 1150, 2430, 2400, and 3650.
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for discontinuous multilayers, some researchers could carry
out some helpful analyses qualitatively. Figure 4 shows the
results of the 6-20 diffraction scans for selected samples in
set A. It is apparent from Figure 4 that as the annealing
temperature is increased the two dominant Ag peaks go
through gradual changes. A increase in the diffraction
intensity was observed, for which a reduction of scattering
defects in the film scems to be responsible [3]. As the
anncaling temperature increases from 340 to 400, the
satellite peak adjacent to the Ag (111) main peak of the
multilayer tends to  weaken relatively, suggesting a
degradation of the original layer-by-layer structure of the as-
deposited superlattice. Unexpectedly, the satellite peak of
the as-deposited film is less distinet than the onc anncaled at
340TC.

The observed results about the MR characteristics can be
explained as follows. The initial increase in the MR, with
the anncaling temperature is attributed to the enhanced
antiparallel alignment of the zero-field magnetization as the
anncaling procedure causes the discontinuities of the NiFe
grains [3,4]. The decrease in the MR
temperaturcs has been understood in terms of a possible

ma tOr higher anncaling
bridging of the NiFe grains across the Ag layers, which
would incrcase the cffective  ferromagnetic  coupling
between layers [3.5]. The small MR
small ta. was mentioned in preceding paragraph and can be
also understood. Previous studies [3.8] ascribed this Ag
thickness effect to the combinations of the changes in the

for samples with

max

ferromagnetic coupling and the magnetostatic coupling. For
thicker tae, the ferromagnetic interlayer coupling would
significantly weaken and the magnetostatic coupling is
expected to become dominant. For thinner tae, the
ferromagnetic  coupling 1s  still so  strong  that  the
magnetostatic coupling is not dominant enough to provide
the moments with a strong antiparallel order. In addition, a

Fig. 5. Optical micrograph for the MR element part of the
patterned discontinuous mulitilayer with the structure of
Si/Ta(40A)/Ag(20A)/NiFe(15A)/[Ag45AVNiFe(15A)],/Ag(20
A)Ta(100A).
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stronger interlayer ferromagnetic coupling and more
probable bridging between NiFe layers resulting from
thinner Ag layers are expected.

A vacuum-annealed film with taz=45A (sample set B) was
patterned with Au current leads and the track width of 2
mm. In Figure 5, the optical micrograph of the selected areca
on the patterned device is shown. The element height was
about 100 um. The electrical resistance of the patterned
sample was 57 €, while the unpatterned sample has a very
small resistance of 0.4 Q. Figure 6 shows the magncto-
resistance of the patterned device and corresponding
unpatterned film. Both samples display the MR of ~3 %
and Horr of ~2 Oe. There is no observable difference in GMR
responses between two cases and their MR characteristics
are nearly identical. These characteristics of the patterned
vacuum-annealed NiFe discontinuous multilayers are
sufficient for the magnetic field sensor with a large readout
signal.
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Fig. 6. Magnetoresistance  curves for an  anncaled
Si/Ta(40A)/Ag(20A)/NiFe(15A)/[Ag(45A)/NiFe(15A)],/Ag(20
A)/Ta(lOOA) of a sample (a) before patterning and (b) after
patterning. The annealing temperature is 345C.
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IV . Conclusion

We have produced vacuum-annealed discontinuous
NiFe/Ag multilayers. The vacuum annealing process yielded
a GMR response comparable to the conventional Ar-H,
annealing process. Our XRD analyses support the earlier
theoretical model in which the development of GMR is
attributed to an antiparalle]l alignment of moments due to
magnetostatics.  The MR behavior of the patterned
multilayers indicates that these structures may be useful as
magnetic field sensors.
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