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We have observed giant magnetoresista(@®MR) in unannealed NiFe/Ag multilayer thin-film

stripes. Rectangular stripes having constant thickness and a constant 11:1 length-to-width aspect
ratio, but varying widths down to 0.am, were measured. Two types of multilayer configurations

were tested, a system of five NiFe/Ag bilayers with 5.5-nm-thick Ag spacer layers, and a system of
nine bilayers with 4.4-nm-thick Ag layers. In contrast to the characteristic of annealed NiFe/Ag
multilayer stripes, the unnannealed stripes produced increasing GMR ratios for decreasing stripe
sizes, with the 0.5:m-wide stripe of the five-bilayer system exhibiting &AR/R of 2.5%.
Barkhausen noise and response broadening also increased with decreasing stripe size, however. The
results are discussed in terms of magnetostatic coupling of the NiFe layers within the stripes.
[S0021-897€06)55608-2

INTRODUCTION duce GMR, and, if so, whether their MR response contained
, L . .. less noise than their annealed counterparts. Stripes fabricated
Studying finite-size effects in giant magnetoresistivesom five- and nine-bilayer systems both showed increasing
(GMR) materials is important both for understanding the mi-G MR amplitude as the stripe width decreased froms.

cromagnetic phenomena as well as for examining suitability, o cases, however, saturation fields and noise also in-
for magnetic sensor applications. The multilayer NiFe/Ag.reased with decreasing stripe width.

GMR system’is attractive for potential sensor applications
due to its high sensitivitylarge change in MR per unit field
especially when annealed to form discontinuous multilaﬁers.EXPER'MENT

In this form, the magnetic NiFe layers are broken up into  NiFe/Ag multilayer films were fabricated by magnetron
small grains due to Ag diffusion along grain boundafies. sputtering onto SiQcoated Si wafers as reported
These grains interact magnetostatically to induce antiferropreviously? The films were deposited at room temperature in
magnetic ordering among neighboring grains in adjacen.93 Pa(7 mTorn of Ar, and no magnetic field was applied
NiFe layers at low fields. The relatively high degree of anti-during the deposition. NiFe was sputtered from g,Ré;q
parallel alignment gives rise to GMR values on the order ofalloy target. Two wafers with varying bilayer numbe=nd
5%. When these annealed multilayers are patterned intpg thickness tag Were used: Si/Si® (150 nm)/Ta (4.5
micrometer-scale features, however, the magnetoresistive rAmM)/Ag(tag/2)/NiFe(2.0 nm/[Ag (tag)/NiFe(2 nm)], /Ag
sponse is significantly suppressed, broadened, and charactqu/z)/'ra(ll nm, with n=5, t,;=55 nm, and
ized by the presence of distinct “jumps(Barkhausen n=9, t,,=4.4 nm. After deposition the central regions of
noise.> These characateristics are unsuitable for subthe wafers were patterned using conventional photolithogra-
micrometer sensor applications. phy and diced into 12812.5 mnf chips. Several of the
Recently, GMR in patterned unannealed NiFe/Ag multi-chips were annealed in a rapid thermal annealing furnace for
layers was reportetf. The unannealed NiFe/Ag is potentially 5 min in a 5% H—Ar ambient. These chips were used for
more attractive for applications since the annealing step iglirect comparison with the unannealed chips. Rectangular
avoided. It may also decrease the noise previously observegiripes having nominally 11:1 length-to-width aspect ratios
in small device$;>*"if the granular characteristics are elimi- were measured at room temperature using a two-probe MR
nated. Hyltoret al*® studied unannealed arrays ofifn dots  tester. The active areas defined by the Au contact electrodes
consisting of two NiFe layers separated by a Ag spacer. MRyere one square. Bias currents were scaled approximately
measurements carried out on the dot arrays, corrected for thgith stripe width, with current density~5x10° A/cm?, and
continuous Cr overcoat necessary for electrical contact, gave magnetic field was applied in the plane of the stripe. For
estimated GMR ratios of 2.5% and a 1.6 KA(20 O satu-  cross-sectional transmission electron microscofffEM)
ration field. The GMR effect was attributed to magnetostaticstudies, specimens were prepared using standard techniques,
coupling induced at the edge of the dots, which causes thcluding N-cooled ion milling. Care was taken to prevent
magnetization in one layer to align antiparallel to the othemheating in excess of 70 °C during all TEM sample prepara-

layer. tion steps.
In this study we have patterned unannealed NiFe/Ag

multilayers into rectangular stripes of various sizes to eXaMp o T

ine the role of magnetostatics in unannealed NiFe/Ag multi-

layers. In particular, the goal was to directly test whether  The central result of this article is illustrated in Fig. 1.

individual stripes having widths on a/Am scale could have Figure Xa) showsAR/R as a function of applied field for

interlayer magnetostatic coupling sufficiently large to pro-unannealed NiFe/Ag rectangular stripes havimg5 and
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FIG. 2. Cross-sectional TEM micrograph of an unannealed seven-bilayer
sample. The GMR multilayer is sandwiched between top and bottom Ta
\ layers. The degree of roughness at the top surfa&nm) is typical of the

N several samples examined.

Fig. 1(a). This may be attributed to a finite granularityn-
perfect multilayers which also produces a nonzero GMR in
the larger devices. TEM results on different wafers show a
roughening in the unannealed films on the order of a bilayer
thickness, as shown in Fig. 2. Previous work has indicated
the significance of sputtering gas pressure on film micro-
structure and properti€s.The relatively high Ar pressure
used during sputtering in this study may introduce some of
the observed roughness. Temperatures up to 130 °C are used
during photolithography, but these low processing tempera-
] tures are not likely to account for the residual granularity and
a presence of a small GMR component in the larger unnan-
% 5 10 15 0 nealed stripes. The Barkhausen noise observed in the re-
Stripe width (um) sponse of the small stripes is_ discour_ag_ing_for sensor appli-
cations. However, processing optimization or biasing
FIG. 1. (a) Magnetoresistive response for unannealed NiFe/Ag muItiIayerOptimization’ such as increased current der?smy dimin-
(n=51a,=5.5 nm stripes. The field was applied in the plane of the stripe ish the noise problem.
ar_1d transverse to the long direction. Inset: longitudinal MR for theuOrb- The trend of increasindAR/R with decreasingw for
wide stripe.(b) Maximum AR/R and full width at half-maximum data for o ce nannealed stripes is in contrast to annealed stripes.
various stripe widths. Inset: schematic of transverse MR measurement. . o . . .
Annealed stripes exhibit decreasiai/Rwith decreasinyV,
as illustrated in Fig. 3 for the=5,t,3=5.5 nm configuration
tag=5.5 nm. The stripes have nominal widths ranging from(from the same wafer as the unanneatedb chip annealed
0.5 to 16 um. As the stripe widthw decreases, the MR at 340 °C for 5 min in 5% b-Ar. The maximumAR/R
response increases in amplitude and broadens. This is se@@creases from 3.6% to 3.0% as stripe width decreases from
more clearly in Fig.lb), where the maximumAR/R and full 16 to 0.5um.
width at half-maximum(FWHM) data are plotted as func-
tions of W. As W decreases from 16 to 0,6m, maximum
AR/R increases from 1.1% to 2.6%, and the FWHM in- 5scussioN
creases from 1.6 to 14 kA/if20 to 180 O¢ The sensitivity
[d(AR/R)/dH] ax therefore decreases with decreasiwy In the unannealed stripes, the trend of increadiRjR
The inset of Fig. {a) showsAR/R for the 0.5 mm stripe with  with decreasingW is due to the increased thickness-to-
longitudinal applied field. Although the longitudinal results volume ratio asW decreasegthickness is constantand,
show trends similar to the transverse results, the magnitudiherefore, the increased relative influence of the stripe edges
of the longitudinal broadening is much les.2 kKA/m as perpendicular to the layers. A¥ (andL) decreases, the mag-
opposed to 14 kA/m for the 0.am stripe. netostatic edge charges become closer. If the layers are fully
We also measured the MR response for unannealedontinuous(not granulay, the magnitude of magnetostatic
stripes havingh=9 andt,;=4.4 nm. As in the case of the energy per unit volume should be greater for the smaller
five-bilayer stripes of Fig. 1, the nine-bilayer samples showstripes, leading to increased antiparallel alignment in zero
the trend of increasindR/R and broadening with decreas- applied field, and a larger maximutR/R. In this case, a
ing W. For these stripes, the maximuliR/R increases from larger field is required to overcome the magnetostatic energy
0.4% to 1.9% adV decreases from 16 to 2m. The trends and align the layers, leading to a broadened response.
that we observe are, therefore, independeninadnd t,gq The annealed stripes, in contrast, consist of discontinu-
within these ranges. ous layers, so the increasingly strong effect of the stripe edge
Noise, in the form of discrete Barkhausen jumps in thecharges, with decreasing size, increasingly dominates the in-
MR response, is readily apparent for the smaller stripes intergranular, interlayer magnetostatic interaction that occurs
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SUMMARY

We have observed increasing GMR amplitudes with de-
creasing size in rectangular stripes of unannealed NiFe/AG
multilayers. This may be attributed to an increasing signifi-
cance of magnetostatic charges at the stripe edges as film
thickness-to-volume ratio increases, given a constant length-
to-width ratio. Noise and response width also increase with
decreasing stripe size, however, posing a challenge for tech-
nological applications such as highly field-sensitive submi-
15 crometer magnetic sensors.
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