- 1- AMORPHOUS PERMALLOY FI LMS AND METHOD Wavrirs zees
OF PREPARI NG THE SAME BACKGROUND OF THE | NVENTI ON
Tie present invention relates to permalloy filns and nore 5 particularly
t o, an anorphous permalloy filmwhich can be used in nagnetic

recordi ng systens. A recent trend in magnetic storage
system design is the use of magnet o-resi stive (MR) heads to read data
froma magnetic storage nediumin -& magnetic storage device. Use of

MR heads, instead of inductive sensor heads, 10 has enabl ed nmanuf acturers

to increase recordi NAMORIHOUS PERMADEOY FELMSAND METHOIBt ens. Vari ous
materi als and nethods of fabricating thin filns fromthese mat eri al s

are being used to produce MR & RING FTHESAME) {0 neet the

hi gher recording density rmkgwl)v@i;eﬁ{m ﬂEﬁqlﬁﬁEdEd in future
magneti c storage syst ) lloy is a nane for
any of a large nunmber ofTHei glesent inventiomgeletes ctal psrmadioyehilnse aad | mps:

cont ai ni ng. a conpi ion of nickel and.ro \ Per mal | is frequently
used as n&gn"etplaﬁ“é‘&ra,té’uﬁot anAmorn Pﬁmﬁkﬁl R@&mc%gﬁ used n magnes n fi|m
MR heads beca‘fé&r&hgis?&eﬂ'k.gh magnetic perneability and its superior
frequency characterfstics. Specifically, pernmalloy has been used as a thin

film20  magneto-resi stA weceat temhin (idBEStic stotaBe Inpsiets design i3/BEe vfe of t hi n
}c It | g‘ ag/s es thr dg%%gtol-rsésigt?ge S hgarﬁsmtglrgag a@h%x'nt i m%quns eraéenm[e&%nis }nance as
a magnetic storage device. Use of MR heads, instead of inductive sensor heads,

10  has enabled manufacturers to increase recording densities in magnetic storage
systems. Various materials and methods of fabricating thin films from these
materials are being used to produce MR heads which can be used to meet the
higher recording density requirements which will be needed in future magnetic
storage systems.

15 Permalloy is a name for any of a large number of highly
magnetically permeabie alloys containing a combination of nickel and iron.
Permalloy is frequently used as magnetic circuit material for applications such
as thin film MR heads because. of its high magnetic permeability and its superior
frequency characteristics. Specifically, permalloy has been used as a thin film

20  magneto-resistive element (MRE) in MR heads. The MRE of a thin film MR
head is the portion which exhibits a change in resistance as it passes through
magnetic fields emanating from the magnetic storage media and other favorable
magnetic and electrical properties.

Although many magnetic films are currently made from

25  permalloy, other types of materials are also frequently used. For example,
‘amorphous materials have been used to make magnetic thin films because of
their advantageous properties, particularly with regard to magnetic properties.
These amorphous materials usually have naturally occurring @omMm or nearly
amorphous crystalline structures. Examples of naturally occurring amorphous



magnetic fields emanating fromthe nagnetic storage nmedia and ot her

f avor abl e magneti c and el ectrical properties.

At hough many magnetic filns are currently nade from 25 per mal | oy, ot her
types of materials are also frequently used. For exanpl e, anor phous
materi al s have been used to nake nmagnetic thin filnms because of their

advant ageous properties, particularly with regard to nagnetic properties.
These anorphous materials usually have ndturally occurring anorphous or
nearly anor phous crystalline structures. Exanples of naturally
occurring anmorphetals used in thin film magnetic heads includes CoZr, CoZrRh, and CoZrNb.

-2- materials used in thin filmmmgnetic heads,ing¢l udes CoZr,

Cozr Rh, and Cobhqs essentially apQrp @Mﬂameﬁmt&ﬁaé i i Bl apegetic
frequently useg.hbpidaiee & "Rkdrittic permeabifitfitd RE& B fordble Mifgnktidli 9h
magneti c perrreeﬁai%alhﬁj‘%y anéf%ﬁﬁg?ggf aéléc?rga Peerm%gnggi&c andeel ect r‘?cal
properties. 5 and electrical properties. | on- beam sputtering is a technol ogy which

is being increasingly used i.n.the deposition, of .thi.n filns nd -
particularfy in the depolomrbeam mmawgﬁ@w W/ﬁcﬁéﬁgﬂﬂﬁd’ﬂféﬁs or age

devi ces. | on- Bea 3R 4ébhliRn 8FRAS Finehnd pertioulafy 1 B8poSiiBh & MRE | mat ed

beans of nearly nonoenergetic Ions directed and focused
onto a target fop MR Zead nmhguetinnstprage odevides. sdom-beamf sputering) depegsitien at i on.
The large sepatrect i'c?t?esdeixgslg)r} Ct:glhbmeatigéi3 ggan%shgf Bealarl' er%ogo%%e}gggc iic?nré which are
directed and focused onto a target up to 24 inches away from the source of ion
10  generation. The large separation distance between the target and the ion or
plasma generation region allows ion-beam sputtering to be conducted at
significantly lower pressures than other standard sputtering techniques such as rf-
diode sputtering techniques. The lower pressures translate to fewer collisions
between ions in the ion-beam and gas molecules before the ions collide with the
15 target. This results in higher energy films. The reflection of ions and neutrals
from the target also helps increase energy levels of the thin ﬁlms fabricated using
jon-beam sputtering techniques. Consequently, jon-beam sputtered thin films
exhibit higher densities, improved corrosion resistance, reduced impurity levels
and altered stresses in comparison to films sputtered under standard techniques
20  such as rf-diode sputtering.
Ton-beam sputtering has been used in various thin film applications
such as optical coatings, fabrication of magneto-optic media and fabrication of
MR heads. Ion-beam sputtered MREs have shown higher outputs and greater
corrosion resistance than rf-diode sputtered MREs.
25 ' ~ lon-beam sputtering techniques have been used to deposit a
| number of different thin film mateti;ls. For example, high permeability
amorphous materials such as CoZr, CoZrRh and CoZsNb have been successfully
deposited by ion-beam sputtering techniques. Additionally, ion-beam sputtering
of permalloy, or NiFe,,,, has been used to obtain permalloy films with improved



pl asma generation region allows ion-beam sputtering to be conducted at
signififcantly | ower pressures than other standard sputtering techniques
suth as rf- - diode sputtering techniques. The | ower pressures
translate to fewer collisions between ions in the ion-beam and gas
nmol ecul es before the ions collide wwth the 15 target. This results in

hi gher energy filnms. The reflection of ions and neutrals fromthe
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- 3- observed in films deposited with beam voltages between 200 and 2,000 V (beam
10 energies between 200 and 2,000 electron-volts). This article also discussed the
results of adding nitrogen to the sputtering process to reduce the x-ray diffraction
<111> peak. Ultimately, the authors concluded that, in the case of sputtering
without the addition of nitrogen, the x-ray diffraction <111> peak intensity
remained relatively constant for diffraction angles of less than 45°, and that this
15  implies that the Ni-Fe films with diffraction angles of less than 45° have similar
<111> textures.
A second article, by Christopher V. Jahnes et al., is entitled "Ton
Beam Sputter Deposited Permalloy Thin Films", IEEE Transactions on
Magnetics, Vol. 28, No. 4, July 1992. In this article, the authors describe the
20 jon-beam sputtering procedures used in their research and discuss the properties
of the resulting ion-beam sputter deposited permalloy films. The authors of that
paper noted that, under certain conditions, ion-beam sputtering could be used to
- deposit permalloy films with characteristics suitable for use in thin film heads.
In this article, the anthors made a number of observations concerning ion-beam
25  sputtered permalloy films. One important observation was that there is little
change in the magnetic properties of ion-beam deposited films as a function of
the film deposition rate which is dependent upon the energy level of the ion
beam.



characteristics. Several articles have been witten on the properties of

i on- beam sputtered permalloy filns. A first
article, by Jerry Lo et al., is entitled "Magnetic and Structural
Properties of H gh Rate Dual |on-Beam Sputtered NiFe Filnms", 5 Jour nal
of Applied Physics, Vol. 61, No. 8, 15 April 1987. In this article, the
authors noted that by varying the target angle relative to the substrate
surface, t he magnetic properties of-the Ni-Fe filnms can be altered.
The aut hors al so found that no significant changes in magnetic and
el ectrical properties wepns recording demsifgrré@sirenients doffinteqfdrbRe, mhgdetieeam
vol t ages between 200 and 2, 000 V beam 1 energl es between 200 and 2, 000
el ectron- vol t sihin films with FIEP"@V&? wgmtycmiselecm properties mustuber foupd inddi ng

nitrogen to th Sl S fraction.
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t extures. I;Jp%ﬁfli'ﬁ%‘ A second article, by Christopher V. Jahnes
et al., is entitled "lon SU IRVEDSIIODN] Pernmal | oy Thin
Films", |EEE Transaction n,et ics, Vol, 28, No, 4, July 1992.
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15 but with improved output amplitude and noise characteristics, provides a
magnetic material which can be used to achieve the desired increased recording
densities.

The present invention is a permalioy film with an amorphous or
substantially amorphous crystalline film structure. The permalloy film, which

20  has an atomic composition comprising a combination of nickel and iron, is
substantially amorphous in the face centered cubic <111> plane, with the face
centered cubic <111> plane lying substantially parallel to the surface of a
substrate. In preferred' embodiments of the present invention, the substantially
amorphous permalloy film has a composition which includes between 30 and 86

25  percent nickel.

In some preferred embodiments of the present invention, the
substantially amorphous permatloy film is formed by ion-beam sputtering. The
ion-beam sputtering is, in preferred embodiments, conducted with ion-beam
‘energies below 500 electron-volts, In at least one preferred embodiment, the



-4- As recording density requirenents continue to

i ncrease, magnetic thin films with i nproved nmagnetic and el ectrical
properties nust be found in order to manufacture MR heads capabl e of
meeting these increasing density requi renents. Use of materials such
as permalloy filnms and/or naturally 5 occurring anorphous filns nust be
further devel oped to achi eve hi gher recording capabilities.

SUMVARY OF THE | NVENTI ON -5- The present invention is based
upon the recognltlon that a thin . gnetic filmwth the desirable
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The present invention is a permalloy fil.mw th an anorphous or
subst anti al | y Peiagap fimcek y‘BF @Fqsﬁﬁe‘nﬁﬂnﬁﬁé’i P@@t@r@mamo-mmm@;mm m
whi ch

in a magneto-resistive head. In these preferred embodiments, magneto-resistive
elements comprised of the amorphous permalloy films exhrblt improved output
10  amplitude and noise characteristics.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a sectional view of a magneto-reéistive head with a
magneto-resistive element which may incorporate the permalloy films with
substantially amorphous crystalline structures of the present invention.
15 . Figure 2 is a diagrammatic view of an ion-beam sputtering system
which may be used in accordance with the present invention.
Figure 3 is a diagrammatic view of a face centered cubic unit cell.
Figures 4 and 5 are graphs illustrating output amplitude versus
noise characteristics of permalloy films with substantially amorphous crystailine
20  structures in accordance with the present invention.
| Figure 6 is a graph illustrating output amplitude versus noise
characteristics of an rf-diode spﬁttered permalioy film.
Figure -7 is a graph showing resistivity versus grain size for a
number of ion-beam sputtered permalloy films. |
25 : Figure 8 is a graph showing the face centered cubic <111> x-ray
diffraction peak of a permalloy film with a substantially amorphous crystalline
structure showing FCC <111> x-ray diffraction peaks of two nonamorphous
permalloy films.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS



20 has an atom c conposition conprising a conbination of nickel and iron,
I s « substantially anorphous in the face centered cubic <111> pl ane,
with the face centered cubic <111> plane lying substantially parall el
to the surface of a substrate. In preferred enbodi nents of the
present invention, the substantially anor phous permalloy filmhas a
conposi tion which includes between 30 and 86 25 percent nickel.

In sone preferred enbodi nents of the pre§ent invention, the

substantial ly anmorphous permalloy filmis forned by ion-beam sputtering.
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MR read device 24 includes magneto-resistive element (MRE) 30,
10  conductive paths 32 and shields 34. MRE 30 is typically a thin magneto-
resistive film. As MR read device 24 passes through magnetic fields emanating

-

from the adjacent magnetic storage media, the resistance of MRE 30 changes.
In other words, the resistance of MRE 30 is dependent upon nearby magnetic
fields. '

15 A predetermined current is supplied through conductive paths 32
and MRE 30. Although not fully shown in Figure 1, conductive paths 32
provide a path for current to flow to MRE 30 and a path for current to flow
from MRE 30. As the resistance of MRE 30 changes while MR read device 24
passes through varying magnetic fields, a change of voltage across conductive

20  paths 32 is sensed as well. Therefore, by monitoring changes in voltage across
conductive paths 32, data storeci on the magnetic storage media may be read.
Alternatively, instead of passing a predetermined current through conductive
paths 32 and MRE 30, a constant voltage can be applied across paths 32 so that
changes in resistance of MRE 30 cause changes in current flowing through paths

25  32. In this instance, data may be read by monitoring changes in current flowing
through paths 32 and MRE 30. |

MRE 30 may be fabricated from a large number of materials
which exhibit magneto-resistive properties. A common material used in the
fabrication of MRE 30 is permalloy, which is an alloy consisting of a



10 anplitude and noi se characteristics. BRI EF

DESCRI PTI ON OF THE DRAW NGS Figure 1 is a sectional
view of a nagneto-resistive head with a magnet o-resi stive el ement
which may incorporate the pernmalloy films with . Substantially

anor phous crystalline structures of the present invention. 15

Figure 2 is a diagrammatic view of an ion-beam sputtering system

whi ch may be used in accordance with the-present invention.

Figure 3 is a diagrammtic view of a face centered cubic unit cell.
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ENBO] MENTS B. Ion-Beam Deposition of Permalloy Films

Figure 2 is a diagrammatic view of an ion-beam sputtering

10 deposition system for creating a thin magnetic film on a substrate in accordance
with the present invention. Ion-beam sputtering deposition system 50 includes
deposition gun 52, target 54, and substrate 56. Deposition gun 52 includes
electrostatic lens or acceleration grid 58 and plasma generation region 60. In
plasma generation region 60, a plasma discharge is created which is essentially

15 a cloud of positively charged argon ions. In preferred embodiments of the
present invention, the positively charged ions are argon ions. A negative voltage
potential is applied to acceleration grid 58 to accelerate the argon ions and direct
beam 62 of argon ions towards target 54. The voltage potential applied to
acceleration grid 58 controls the energies of the argon ions that make up beam

20  62. As a result, the energies of the ions in beam 62 are very uniform.

In ion-beam sputtering deposition .system 50 used in conjunction
with preferred embodiments of the present invention, target 54 is located
approximately le inches from deposition gun 52. However, in other
embodiments, the distance between target 54 and deposition gun 52 may vary.

25

In preferred embodiments of the present invention, target 54 is
composed of permalloy. Although in some preferred embodiments of the present
invention, permalloy with an atomic composition of approximately 81% nickel



- 6- A. Overvi ew of Magnet o- Resi stive Heads
Fi'gure*l is a sectional view of read/wite head 20 for use in a

magneti c storage system Head 20 includes inductive wite device 22 and
magnet o-resi stive (MR) read device 24. Inductive wite device 22 includes
coils 5 28 and pol e pieces 26. Electric current is passed through coils

28 to generate a magnetic field. The magnetic field generated by
coils 28 is guided, by pole pi eces826, towards a magneti c storage
.media (not shown) adjacent surface 23 for witing information onto

that magnetic #Addl%e iron is used for target 54, inmthasapmbpdiments.2permadipy dwith
magnet o- r esi st*ﬁﬁggﬁg}n&aféi | )ancff;%bnjcgn be%&QPUCt I ve paths 32 and shi el ds

34. MRE 30 is magnet o- “-resistive film As M read
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a path for current to flow from MRE 30. As. the resistance of MRE 30
changes while MR.read device 24 - passes through varying magnetic
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in current flowng through paths™ 25 n this instance, data may be
read by noni t ciputiered Hieomy tasgdt 94 and colikct atdodndgnse to form permadloy ftlmh@t @2 and

R o0 iale substu g5 A g ks, AR S B Bl RS
mat eri al used drfod s from ion-beam 62 also bounce off target 54 and bombard film 64 at
15  is grows, thus providing additional energy to film 64 as it forms. .

The voltage applied to acceleration grid 58 is frequently referred
to as the beam energy or beam voltage. The beam energy can be increased or
decreased to alter the film deposition rate. Increasing the beam energy results
in an increased film deposition rate. Likewise, decreasing the beam energy

20  resuits in a decrease in the film deposition rate. Additionaliy, the magnetic and
electrical properties of permalloy 'film 64 may be altered by increasing and
decreasing the beam energy. ' .
Target 54 may be rotated or pivoted such that the angle between
jon-beam 62 and target 54, referred to here as angle of incidence ®,, may be
25  varied. By varying angle of incidence ©,, the magnetic properties of permailoy
film 64 on substrate 56, which is maintained in a direction substantially parallel
.to the direction of ion-beam 62, may be altered. Additionally, the deposition rate

may decrease as ©, increases.

C. Crystal Growth In The FCC <111> Plane




fabrication of MRE 30 is pernmalloy, which is an alloy consisting of a

-7- ' conbi nati on of nickel and iron. Permalloy therefore has an
atom ¢ conposition of Ni[err]Fe[err] Permalloy with 81% ni ckel and
19%iron (Ni[err]Fe[err]) is very commonly used in magnetic thin
films. However, pernalloy can contain any nunber of conbinations of
nickel and iron. In fact, a great nunber of nickel- 5 iron alloys are
known, wi th nost contai.ning between 30%" &nd 86% ni ckel . The pr esent

invention is not linited. to permalloy with a2)¥ parti cul ar percentage of
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grid 58 to acqﬁltﬁé %ﬁcﬁ&?oPW?C@Qﬂl%“glaﬁéf &fth the FCC <111> plane lying

parallel to the surface of the substrate on which the film grows.
10 In general, the higher the degree of crystallinity along the FCC

<111> plane, the longer the range of atomic ordering of a film. The degree of
crystallinity of any given film in the FCC <111> plane may be determined by
several methods. A very common method of determining the degree of
crystallinity of a film in the FCC <111> plane is to perform an x-ray diffraction
15  analysis. The intensity or magnitude of the resuiting FCC <111> x-ray
diffraction peak is dependent upon the degree of crystallinity in the FCC <111>
plane within individual grains, upon grain size, and upon film thickness. For a
given film thickness, the higher the degree of crystallinity or the longer the range
of atomic ordering of the film in the FCC <111> plane, the higher the intensity
20 of the x-ray diffraction peak. Likewise, the lower the degree of crystallinity or
the shorter the range of atomic ordering along the FCC <111> plane, the lower
the intensity of the x-ray diffraction peak.
Based upon the conditions under which films are grown, the
properties of the film, particularly the magnetic properties, can be altered
25  considerably. Typically, both rf-diode sputtered and ion-beam sputtered
permalloy films have a polycrystalline structure. In many instances, prior art
permalloy thin films were heated to make them even more crystalline in order
to change their magnetic and electric properties.

D. Grain Size



beam 62 of argon ions towards target 54. The voltage potential applied to
accel eration grid 58 controls the energi es of the argon ions that make up
beam 20 62. As a result, the energies of the ions in beam 62 are very

uni form ' In ion-beam sputtering deposition system 50
used in conjunction with preferred enbodi nents of the present

i nvention, target 54 is | ocated ap% oximately 18 inches from

deposi tion gun 52. Fbmever i n other enbodi nents, the distance

bet ween target 54 and de |t| on,
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In preferred enbodi nents t% ége?éef‘i‘zef\é‘%%dn ElﬂsgetE‘?E though a
d of
oresent O PehpRAMEY it SRugiig iy AR 1hRinE BbCe I AEh TR ofin Lok

appr oxi mat el y detosasdsc Bab quite poss1ble that the longmdxgt%mmmndcrmgtmﬂﬂdéowasé ar get

54, in other enbo nﬁ%s; R&', .t h varying .ratjos of nickel and
iron can be us® c“ e Mh’%ﬁb‘bﬁm%ﬁéﬂ’c}%‘%‘ﬂg’d@ﬁ BP0l | i de
with the syrfa;ﬁr@hmin Kigh. %sfactormlﬁﬁealséﬁgedmerﬁﬂ fer 3RAi€ M mlsfy and/ or
iron atons is knocked ofg of target 54 by each %.I‘egoll"l Ion in Ion-beam

62. Ni ckel andcxrqumtaacmptlmmdmm;tteni‘sﬁcmf a ﬁhg gncladg high output lamphnmiles ect and
condense on a 2 'ﬁrlfoevcrgmgtgvxt%ru b ‘?Itbe <?1s6¢ug§)edfsﬁorrplyP gurtp l | O;Xltudes are typxcally

considered to be a function of a films Delta-Rho.



Because i on-beam sputtering uses | ower pressures conpared to rf-

di 6de sputtering, argon ions in ion-beam 62 collide with fewer gas
nol-ecul es 10 before striking target 54. As a result, argon ions colliding
with the surface of target 54 have nore energy. Consequently, nickel
and iron atoms, which are sputtered fromtarget 54 and coll ect and
condense to forn1perna||oy film®64 on substrate 56, also contain nore
energy. Additionally, some of the high erldr gy argon ions from

i on- beam 62 al so bounce off target 54 and bonbard film64 at 15 IS grows,
thus providing additional energy tB. fAmerphausEilms f or ns.

The voltage applied to accele ation s freguently . refe to
as the beam energy or bealf hs egﬂ%{j?etg FRBHERG H%fnc"\ég‘tﬁ H&Hé’a%oé’d or
decreased to alsifstaricd@ué itd ﬁﬁ&&@ﬁﬁaﬂﬁdﬁ&u!aﬁfa&embﬁi?rmsd GiinglEelyATHEAR! Y
results in an increased filmdeposition rate. Likew se,. decrea5| ng

the beam ener gfilmoin the ECE <d 113, plangeindicating ahsolwielyrng erystallinity taleng

Addi ti onal | | oy
i 63 mag? be PO TR lserl PG <11 8] 898 aiBbncRt %&ﬁéh&lﬁéﬂfﬁgm .
Target 54 may ifigm! dnasthet Wwordp) tHoFEE sudb ﬁ-fa?tdlfﬁ*&namgé& he_ﬁweeqaal zero.
I on-beam 62 and target 54, referred to here as angle of incidence [err],

may be 25 vari ed. By varying angle of incidence [err], the magnet ic
P;\Ogecrjit Ir git i()];npgtrjgglt Lt(r)\%/i arl 1‘@Wpétrsag%‘gf%eé)Qans1.4’9\?55rbt%thigmz(pr e\g'dt?ll on o | on Lg;rr:]ed
62, may be alt afpgphotdili the O ¢M1>tplmedﬂ®@hichwnldmmfore exhibirahsoligelyease as
[err] increases. st al wth In The FCC <111>
Pl ane 10 no FCC <I11i1> x-ray diffraction peaks ¥‘et a num er of materials are
considered to be amorphous materials. In r_nagnetIc thin film terminology, thin
film materials with very low FCC <111> x-ray diffraction peaks are considered
amorphous, nearly amorphous, or essentially amorphous. Whether or not a
film’s FCC <111> x-ray diffraction peak is low enough for the film to be
15  considered amorphous or nearly amorphous can be determined by comparing the
magnitude of the film’s peak to FCC <111> x-ray diffraction peaks of non-
amorphous films with similar thicknesses and compositions. An alternative
method of determining the degree of amorphism of a thin film is to use electron
microscopy techniques to determine the long' range atomic ordering of the film.
20 However, this technique can be very expensive and requires special equipmént.
E. TEST CONDITIONS AND RESULTS
For tests upon which the present invention is at least partially
based, ion-beam sputtering was used to deposit thin film permalloy MREs on 3"
diameter silicon wafers. Each wafer holds many individual MREs. A dual gun
25  ion-beam sputtering system was used to deposit the permalloy MREs, with an
atomic composition of NigFe, (81/ 19 permalloy), on the wafers. The ion-beam
sputtering system directed a beam of positively charged argon ions at a target
composed of 81/19 permalloy. Both the ion-beam energy level and angle of
incidence ®, of the ion-beam with respect to the target were varied. The angle



- 9- Figure 3 is a perspective view of face centered
cubic (FCCO wunit cell 100. FCC unit cell 100 is a common nol ecul ar
structure in thin filns. In- a perfect crystal lattice, each FCC unit
ce]l 100 woul d have an atom 101 at every corner of the cube as well
as an atom 102 centered in the plane of each of the 5 cube's six sides or
faces. Planes or directions of crystal growh can be defined al ong
the axes of FCC unit cell 100. For e'xarrpl?e, i ne segnment 103 represents
the FCC <111> plane. N ckel films have a tendency to grow

cryst al | ogr aptfdasidgnce was varigdthetween teot positions, 30RanéG0° €daridormal)ariEhe Wi t h

(7 70, BB R vt et S i PSS e B 3L o

of crystalli nit,go0aélectepri-tasitsECC <111> pl ane, the longer the range of
atomc ordering of a fil The degree of . .. crystallinity of any given
filmin the FCC <111> p|‘§%€ﬂqﬁl&9n aboytee highse domsheam energy clgwsla orheads. A

TTEL) ity of
[l in o FoRN8fesProdlRh il UBhstdih ROLE el b more ene NS bitphicldele ©
anal ysis. Thefitik deposited filmsimoarigdn densahd mbetrale sdiichiwege réflected ffiom xhe ay

diffraction peak i s dependent upo he degree, of crystallinity in the FCC
<111> pISRHktering; targst. ifhﬁ?f\}h%ﬁﬂé depasitions using thealigve described ipcbeapon i1 m
t hi ckness. For, : i i i : J: f
crystallinity sg?ttet:rhng ﬁoggféléﬁgtt ée%#g%&gméa%é ?Og‘toom %t?ﬁa‘iél?ﬂi %g’g%ﬁﬁ% e film
in the FCC <1lptocess.aiests tweee thephmerforined itocampart the? (bn-beain §pusteredr MRE
diffractign peak. Li e,vvis(g,, he | ower the dere& of crystallinity or

the short®t t VRIPEnHOTIGHCE Wit Yarypg OFR §retsis Goe jes pidences) thene t he

| ower t i Erﬂist!'ot - dji i ! . ey as
Based upon t hre&ﬁgicl)l%l ti or%oggpd%:b?\%?%ﬁuf?l%éé gr e S&W‘ﬁgﬁs’ rigid dp%srcoperti es
of the film padtzebmal arly the nmagnetic properties, can be altered 25
consi derably. Typicall ot.h rf-di,ode uttere d jon-beam sputtered
permal loy films have a potX y Spmmarizes ﬁ?%?%?@g gﬂ"ﬁ’&ﬁi) qngsf’h?ﬂ@@&", prior
art . Per Rbdebifes! 8 the MRETHIAS b thPRhAEatn dpities MIESWAKED afiPbf the
crystalline i rder
15 rf-diode sputtered MRE wafers. As can be scen in Table I, the ion-beam

sputtered MRE films sputtered with an angle of incidence ®, of 90° (normal

incidence) had beam energies of either S00 or 1,000 electron-volts. The ion-

beam sputtered MRE films sputtered with an angle of incidence ®; of 30° had

beam energies of 300, 500 and 1,000 electron-volts. The thickness, in

20 angstroms, of the various MREs is also shown in Table I.



to change their magnetic and electric properties.
D." Gairn Size - Grain size is an ordering

factor in films. Even though a crystalline atom c ordering may exi st
to sone degree in a film as the grain size. decreases, it is quite
possi bl e that the long range atom c ordering will decrease as well. If
the grains of the permalloy filmare too small, resistivity can become 5
prohi bitively high. -This factor wll be~idrscussed later in greater detail.
I n many circunstances, optinmal characteristics of a filminclude high
out put anplitudes and low resistivity. As will be discussed shortly,
out put anplitudes are typically fgﬁi red to be a function of a filns
Del t a- Rho. .
. ’ f DIODE IONBEAM SPUTTERED MREs
5 _ SFUTTERED MREs : '
Rigi | Zebr | Normal Incidence 30 Degrees Incidence
d a ‘
Disc 500V { 1000V | 300V | 500V | 1000V
Thickness(A) | 340 | 350 230 370 440 435 360
Flux (nwb) 2.7 2.7 22 2.8 4.0 3.6 3.9
10 A/awb 126 | 130 105 132 112 121 94
He(Oe) 1.4 1.7 L.7 1.4 1.3 1.4 1.3
Hk(Oe) 38 3.9 3.5 39| 32 34 3.5
Lambda(x16- Jd- ] NA N/A N/A .50 57 50
6) 2
15 Alpha 90(deg) | 5.5 | N/A 14.5 11.0} 125 9.0 9.5
R 17211881 3.02| 237{ 178 1.95 222
dR/R 264215 1.68 162} 1.52 1.51 1.02
Rhowohm- | 22.8 | 256 | 28.1] 326 30s| 331] 312
em) u
20 Deita Rho 602 § 550 472 528 | 464 .500 318

* Estimated thickness . _
One measure of the quality of a permalloy thin film as an MRE
is the film’s Delta-Rho, which is the change in resistance exhibited by the film
25  when placed in a magnetic field as compared to the resistance of the film when
no magnetic field is preseﬁt. From Table I, it appears that overall, ion-beam
‘sputtered permalloy MRE films have lower Delta-Rhos than standard rf-diode’
sputtered permalloy MRE films. In this respect, it would initially appear that rf-
diode sputtered permalloy MREs are superior to ion-beam sputtered permalloy



E., Amor phous Fil s : Anorphismis defined as the

non- crystalline condition of a solid subst ance due to an irregul ar
nobecul ar assenbly. For a conpl etely anorphous filmin the FCC <111>
pl ane, indicating absolutely no crystallinity along the 5 FCC <111>

pl ane, no FCC <111> x-ray diffraction peak would exist for the film
In other words, the FCC <111> x-ray dlffggction peak woul d equal zero.
However, substances can rarely be found™Which are conpletely

annrphous in the FCC <111> pl ane and whi.ch woul d t herefore exhibit

absol utely 10 MREs. rngfﬁom@yu emal ryisdom inthe avtlis thatydn most easahdhe of

materials are &L a c thin
filmterm nol g%etpﬁ%&ﬂﬂﬁga?%mﬁ%t@rlﬁp Jin+l§9\’n e1g%x ray
di ffracti on pabh&kMRE as dopassedahmugh a magnaﬁalﬁpmous nearl y anor phous or
essential |y anorphous t her, or not a films FCC <111> x-ray
diffraction peak is | ow\&ﬁ@gﬂnf ef‘i’f@"f’ﬁmmwlﬂﬁ designthrories) thavor phous

or nearly q@nmon € t n de of
the film s pea ai&c?blg??%xﬁ?a%éﬁgpg@ @lﬁig?lﬁ pea s anr% -UHH& {hw

anor phous fil mnvemionaljbvhbﬁlthdmsmmrshmm‘ﬁahle [ ixdppatel thatdos-beain spuhttm&at ive
net hod of determ egree o phi sm o t hi_n Mmnis to use

el ectron pewﬁwwﬁ&wﬂﬁaa‘é&l@&é%q%%&%% eﬁéé aé\ﬁ‘g?ebeé‘f‘bm c

O er i ng. of ! Welly! 0 1800 clEMRNRIs blid teohRNt Bt S i BRRNS) V2

and requires sp eqw . TI ONS
AND RESULTS permalloy MRE ﬁlm matenElsr Hoesver, theoigidvliscif-ditxde germslboyt MRE/ent i on

i s at Ieat partial l . pased, . ion-beam s terd was, used to deposit
thin fil %ﬂ 8’9“%%@3"%‘ red the beSt-@Vgﬁﬁtpgpg&qwagffegﬁg Each waf er
hol ds many [ nd| vi dual tﬁ/ﬁgl ofgﬂ,@ ‘?émus INRED §2 158 RbvR inMPably 3t €M was

used to deposit the per mal I oy at om ¢ conposition of
Ni [ err] Fe[ er r |GaeiditBy (e anmbgnefis, mamnalhls anaﬁmostanﬂ' fastordn-de¢ermining how

sputtering systeh gl Seted L heal 2ly BOSlaphtell. CRIESHY H 90 TohSlRes! 2

defined as the magnetic field strength necessary to reduce the flux density back
15  to zero after the film has been magnetized. However, it should be noted that

other definitions of coercivity H, are recognized as well. As can be seen from

Table I, all of the MREs have very low coercivity, with the highest being around

1.7 oersted. The lowest coercivity, found in MREs with ion-beam sputtered

permalloy films fabricated with an angle of incidence of ®; of 30° and a beam
20  energy of either 300 or 1,000 electron-voits, was 1.3 oersteds.

Tables II and III summarize the results of amplitudé and noise
tests run on MREs from seven sample MRE wafers. Table II illustrates the
digital test wafer level results for these MREs. Table III illustrates the analog
test wafer level results for these MREs. Bias cutrents in the digital and analog

25  tests were set at a level which would minimize second harmonics.

All of the ion-beam sputtered MRE wafers tested to obtain the
data shown in Tables II and III were sputtered with an angle of incidence ©, of
30°. Wafers 1 and 2 are ion-beam sputtered permalloy MRE wafers sputtered
with an ion-beam energy of 500 electron-volts. Wafers 3 and 4 are ion-beam



conposed of 81/19 permalloy. Both the ion-beam energy |evel and angle of
i ncidence [err], of the ion-beamwi th respect to the target were vari ed.

The angl e . -12-

of _inci dence was varied between two positions, 30 and 90[err] (or normal).
The i on-beam energy | evels were varied between three energy | evels:
300, 500 and 1,000 el ectron-volts. ' As menti oned
above, higher ion-beam energy |evels or #éam 5 vol t ages produced faster
deposition rates as.well as nore energetic bonbardpent of the

deposi ted fi | nipustpresy promalley MRE gvafenssputteredyyithanioncbeany energsedf 1.08th t he

sputtering tar A |§/§§nﬂ iE BB WS Eg @B rei hed

i on- beam Qﬁé%%ﬁélﬁ: ng}&gon it ﬁéﬁ 1{:'#le vva#él!ru{sy?/\ée e ag%?vgggzﬁ(ff#%l | owi ng
a standard zebsputtetad with an ion-bearoeesgy. of BéGtetecton-@oltd) eWafke 17 i9 hoedlsihgle conpar e
t he i on- beam s&u tered MRE 10 wafers, fabricated wth varying beam

energi es and aWgiegsbinsigad sepressats the ayerage test resylt $ fromy 100 tidigdey pes of

standard r&-di Qﬂﬁteﬁﬁ i fers,-rigid disc and zebra.

Tabl e | SU%TI’BI‘I zes t%&ﬁr#e%%are e?gfc rical and magnetic properties of

the MRE filnms on the ion-beam sputterng%wafers and on the 15 rf-di ode
I

sputtered MRE wafers. As can be seen e |, the ion-beam
sputtered MRE filns sputtered with an angle of incidence [err] of 90[err]

(nor mal
DIGITAL
WAFER ANGLE IONBEA MRE  AMP NOISE  2nd MR
10 NUMBER OF ‘M THCK. @V} (dB) Har.  Res
INCIDENC ENERGY (Ang.) ' dB)  (ohm)’
E {eV})
(degrees) .
1 30 500 435 801 | -46.11 -46.8 55
2 30 500 435 776 | 455 433 53
3 30 1000 360 796 | -42.9 | -44.1 61
4 30 1000 360 8721 -43.3 ] -40.5 52
15 5 30 300 4401 1054 | -49.51 -48.8 51
6 . 30 300 440 | 1164 ]| 489 | -47.1 52
7 - — 340 820 | 48.2| 454 59

20



I nci dence) had beam energies of either 500 or 1,000 el ectron-volts. The

ion- ° beam sputtered MRE filns sputtered with an angle of incidence
[eFr] of 30 had beam energi es of 300, 500 and 1, 000 el ectron-volts.
The thickness, in 20 angstrons, of the various MREs is also shown in
Table I. - 13-

TABLE | rf DI CDF | ONBEAM SPUTTERED MREs 5
SPUTTERED MREs Ri gi© 6- zebr Normal Incidence 30
Degrees | nci dence d a D sc

500v 1000V 300V 500v 1000V Thi ckness(A 340 350 230
370 440 435 - 360 TABLE III (. )

NALOG

WAFER ANGLE IONBEA. 'MRE . AMP NOISE 2nd = MR
5 NUMBER OF M THCK. (V)  (dB) Har.  Res
INCIDENC ENERGY ({(Ang) . (dB)  (ohm)

E (eV)

(degrees)

1 30 500 435] 2447 | -50.5| -43.4| 269
2 30 500 4351 2351 ] -506 ] -42.5| 258
3 30 1000 360 214941 459 416 315
4 30 . 1000 360 ] 19901 484 -43.1| 256
10 5 30 300§} 440 | 3663 | -53.11.-48.7| 249
6 30 300 440§ 4146 | -524 | -48.5] 261
7 -— e 340§ 3119 | -50.1 | -41.8| 257

As can be seen from Table II, MREs from ion-beam sputtered

1S  wafers 1-4 have similar digital output amplitudes to MREs from rf-diode
sputtered wafer 7. The digital output amplitude of MREs from wafers 1-4
ranged from 776 microvolts to 872 microvolts. This result is fairly consistent

with the similar Delta Rho values exhibited by MREs from wafers 1-4 as was
shown in Table I. On average, wafers 1 and 2, which were sputtered with an

20  ion-beam energy of 500 electron-volts, exhibited slightly lower digital output
 amplitudes than wafers 3 and 4, which were sputtered with an ion-beam energy

of 1,000 electron-volts. |

. Table II also shows that MREs from wafers 5 and ‘6, which

correspond to permalloy films sputtered with a beam energy of 300 electron-

25 ' volts, have significantly higher digital 6utput amplitudes than either the MREs
from standard rf-diode sputtered MRE wafer 7 or than other MREs from ion-

beam sputtered MRE wafers 1-4.- The MREs on wafer 5 had a digital output



Fl ux (uwb)
A nwb
Hc (-Ge)

Hk( Ce)
Lanbda( x10-
.2 15
9.5

2.22

1.02

31.2

. 500

measure of the36uali0ypatent qver tixd tligjtal butputf armplitade afi MIREs from waférs2,t he

2.7 2.7 2.2 2.8 4.0 3.6 3.9 10
126 130 105 132 112 121 . 94
1.4 1.7 1.7 1.4 1.3 1.4 1.3
3.8 3.9 3.5 3.9 3 2 3.4 3.5
.1- NA NA MA .57 . 50
Alpha 90(deg) 5.5 -é% 5 11.0 12.5 9.0
1. 72 1 88 3. 2. 37 1.78 1. 95

1.52

Iin;u&lﬁ of 105% gngrov hzleztbe gtREs gqgw er 6ipdp dlgltglgoquut
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mat ed ness
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filmwhen 5

10

15
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25

improvement of between 21 and 33 percent over the digital output amplitude of
MREs from wafer 4, which had the highest output of the remaining ion-beam
sputtered MRE wafers. Finally, these resuits show an improvement of between
29 and 42 percent over the digital output amplitude of MREs from rf-diode
sputtered MRE wafer 7. '

Similar results for analog ampii!ude tests are shown in Table III.
The 3,663 microvolt and 4,146 miciovolt anaidg output ainplitudes of wafers 5

and 6 once again far exceeded the outputs of MREs from wafers 1-4 and 7. The

analog output amplmxdes of MREs from wafers 5 and 6 were between 84 and
108 percent higher than the 1,990 microvolt analog output amplitude of MREs
from wafer 4, which had the lowest output of the tested MRE wafers. The
analog output amplitude of MREs from wafers § and 6 were between 50 and 69

percent higher than the 2,447 niicrovolt analog output amplitude of MREs from

wafer 1, which had the highest of the remaining ion-beam sputtered MRE output
amplitudes. Finally, the outputs of wafers 5 and 6 were between 17 and 33
percent higher than the 3,119 microvoit analog output amplitude of MREs from
rf-diode sputtered wafer 7. .

As discussed, Tables II and IH show the somewhat unexpected
result of MREs from wafers 5 and 6 having significantly higher analog and
digital output amplitudes than outputs of MREs from either standard rf-diode
sputtered MRE wafer 7 or MREs from ion-beamn sputtered MRE wafers 1-4.
Tables I and IHI also show that MREs from wafers 5 and 6 exhibit greatly
improved second harmonics and noise characteristics as compared to MREs from
wafers 1-4 and 7. Again, these results are surprising when considered with the
fact that MREs from wafers 1-7 all exhibited some other very similar magnetic



no magnetic field is present From Table |, it appears that overall,

i on- beam sputtered pernmall oy MRE filns have | ower Delta-Rhos than

standard rf-di ode sputtered permalloy MRE filns. In this respect, it

would initially appear that rf- di ode sputtered permall oy MRES are

superior to ion-beam sputtered permall oy

- 14- MREs. Consequently, convent :qﬁgl wisdomin the art is that, in
" nobst cases, the | arger the Delta Rho of the film the higher the

fcihf;lng,e i n out p&d anamélugr%pg%% ‘g@gﬁtﬁ?% %@Egas?L{] asse hr ou ?;nla?rr:]et i C
desi gn theori edepotited whth anl ﬂhgﬂﬁmt&ﬁrﬁeldvél'am e\?ﬁﬁa@ﬁ?&ﬁ&e& Bﬁe bfige 11 M

MRE material. Under this conventlona bel i ef e results shown in

Tabl e | indi cdowestslta M@M%wtmew expectedrtreiohtain MRES withrghe

Zggf' ;;rgg \i\n B%@&sﬁ@lﬁ@n mu%%n %té%?a{f@r{é %h%lrbidga bé&%s‘iﬁjttered

per nal | oy $RE ssgmﬁ:ampmeeed d‘e:vxdtbneﬁefn theltrildispecifichtiofs applid a6 ehd6thep! | oy
MRE 10 filmwould be considered the best overall pernalloy VMRE naterial.

Coer ci vi ty H evafersgvhich soyld acennnt faerthe obsesyeshimprovoments i rmance.
Figures 4-6 illustrate noise versus analog output amplitudes for

various wafers. Figure 4 illustrates the analog output amplitude versus noise
characteristics for wafer 5. Once again, wafer 5 contains MREs with ion-beam
10 sputtered permalloy films fabricated using an ion-beam energy of 300 electron-
volts and an angle of incidence ®; of 30°. Figure 5 illustrates analog output
‘ amplitude versus noise characteristics for wafer 6. Once again, wafer 6 contains
MREs with ion-beam sputtered permatloy films fabricated using an ion-beam
energy of 300 electron-volts and an angle of incidence ®, of 30°. Figure 6
15 illustrates the analog output amplitude versus noise characteristics for a randomly
selected wafer fabricated using a standard rf-diode sputtering prbcess. As can
be seen from Figures 4-6, each wafer contains numerous MREs, with the noise
versus amplitude data point for each MRE represented by either an E or an O.
The highest amplitude and noise data points are probably a result of a short in

20  a test sensor during testing. _
As can be seen from Figures 4 and 5, ion-beam sputtered wafers
5 and 6 contain MREs with superior amplitade versus noise characteristics as
compared to MREs from the standard rf-diode sputtered wafer shown in Figure
6. Additionally, it can be seen from Figures 4-6, that the amplitude versus noise
25  characteristics exhibited by MREs from wafers 5 and 6 are much more uniform
as compared to the amplitude versus noise characteristics of MREs from the rf-
.diode sputtered wafer shown in Figure 6. This is likely due to the fact that,
unlike rf-diode sputtering, ion-beam sputtering does not provide a dense plasma
near the location of the substrate. This in turn limits blasma interactions with



CberC|V|ty in a magnetic material is an inportant factor in determ ning how

easily' the magnetic material may be magnetized. Coercivity Herr] is

sonet i mes defined as the magnetic field strength necessary to reduce

the flux density back 15 to zero after the filmhas been nagnetized.
However, it should be noted that ot her, definitions of coercivity

- Herr] are recognized as well. As can b? seen from Table |, all of
the MREs have very | ow coercivity, with ?he hi ghest bei ng around 1.7

gg:?r;leldoy-rpﬁ %ﬁ?ﬁ'ﬁ%@’%ﬁ“‘* ﬁglﬁagg% 0 'eesgﬁE}%?ﬁegfm ng? ?g]r&‘%ufﬁecéo and a
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Tables Il and II1 summarize the results of anplltu e and noi se tests

run on MVREs f4igs seyisred JYIBES inranother afdvantagen ok ign-beam sputterings MNan-

digital test ity e Mﬁ? 55?&43@, tes the
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MREs from wafers 5 and 6 are interesting results. In an effort to explain the
10  improved characteristics of wafers 5 and 6, an x-ray diffraction analysis was
conducted on wafers 1-7. The resuits of the x-ray diffraction analysis, which are
shown in Table IV, provide insight into the causes behind the improved

characteristics of these wafers.

TABLE IV
15
COMPARISON OF X-RAY DATA FOR ION BEAM AND STANDARD rf SPUTTERED
MREs
WAFER ANGLE ION MRE 2. THETA <[> GRAIN
NUMBER OF BEAM THCK. <[i1> PEAK PEAK , SIZE
INCIDENCE ENERGY {Ang.) POSITION INTENSITY (Ang.)
(degrees) eV} (degrees) {CPS)
20 1,2 30 500 | “435 44,085 1631 196
3,4 30 1000 | 360 43.979 863 169
5,6 30 300 | 440 44.129 26 126
7 — | 430  44.146 5425 226
25

As can be seen from Table IV, MREs from rf-diode sputtered
MRE wafer 7 exhibited an FCC <111> x-ray diffraction peak of 5,425 counts
per second, the highest of the tested wafers. This indicates that the rf-diode
sputtered permalloy thin films on MRE wafer 7 have the highest degree of



sputtered pernmall oy MRE wafers sputtered with an ion-beam energy of 1,000

el‘ectron-volts.

single

TABLE ||

| ONBEA  MRE
THCK.  (uV)
(dB) (ohm
1 30
30

1000 360
360 872
1054 -49.5
-48.9

-45. 4

10

15

20

25

Wafers 5 and 6 are ion-beam sputtered pernall oy MRE wafers

sputtered with an ion-beam energy of 300 el ectron-volts. Wafer 7 is not a

! waf er, but inst'ead represents the average test result val ues
from 100 rf-diode 5 sputtered zebra head MRE wafers.

DI Gl TAL WAFER  ANGLE
AVP NO SE  2nd MR 1020- NUMBER OF M
(dB)  Har. Res | NGl DENC ENERGY (Ang.)

crystalhmty and the Igngest range of atogy ordering. MREs from iorf-team ees)

1
5ofputtereg, W a?ers 717335’ oW 4§n§3ean15§nergy of % elgctron-volts,30
-43.3 -40.5 5

extibited the n8xt hi FCCGﬂl 11> x-ray diffradion Opeak T8O 1,631 gounts zl1 080

3
- p& geondspeak mtens:ty of these wafers imglicates reduced, )@@)glearly gxistent, 1164
) 4751 ﬁxg'gtalhmty and long range atomic ordering in the FCC <llf>49>lane ¥REs 482

from ion-beam sputtered wafers 3 and 4, with an ion-beam energy of 1,000
electron-volts, exhibited an FCC <111> x-ray diffraction peak of 863 counts per
second, half of that exhibited by ion-beam sputtered wafers 1 and 2. However,
compared to the x-ray diffraction peaks of wafers 5 and 6, the MRE films of
wafers 3 and 4 would still be considered to be essentially crystalline in structure.
All of the x-ray diffraction peaks occur around 44° diffraction angle for copper
alpha radiation. '

It must be noted that MREs from ion-beam sputtered wafers 3 and
4 were considerably thinner than MREs from the other wafers. When considered
with the previously mentioned fact that the intensity of the FCC <111> x-ray
diffraction peak is partially based upon film thickness, it will be recognized that
the FCC <111> x-ray diffraction peak of 863 exhibited by MREs from wafers
3 and 4 would be even higher if these films were as thick as other tested films.
This further illustrates the reduced degree of crystallinity of MREs from wafers
5 and 6. '

The most significant result of the test is the FCC <111> x-ray
diffraction peak of MREs from ion-beam sputtered wafers § and 6. These MRE
wafers, with MREs sputtered with an ion-beam energy of 300 eIectron-volts,l
exhibited an FCC <111> x-ray diffraction peak intensity of only 26 counts per
second. This FCC <111> x-ray diffraction peak is more than 33 times lower
than that of wafers 3 and 4, the wafers with the next lowest peak intensity. If
wafers 3 and4werethesmnedﬁcknessasw&fers5and§,thecorresponding

.FCC <111> x-ray diffraction peak would be more than 33 times lower than that



TABLE |11 : ANAL OG WAFER ANGLE

| ONBEA* MRE AMP NO SE 2nd MR 5 NUVMBER OF M

THCK.  (uV) (dB) Har. Res | NCl DENC ENERGY (Ang.)
(d'B) (ohm E (eV) (degrees)

1 30 500 435 2447 -50.5 -43.4 269 2

30 500 - 435 2351 -50.6 -42 l5 258 -3 30
1000 360 2149 -45. 9 -41.6 315 -2 4 30 1000
360 1990 -48.4 -43. 256, 10 5 300 440
3663 -53.1 _Q@N@ferszﬁgld 4. This resultgs also more thag 208 tlmes loweyghan thatiof rf- 41 46
-52.4 -48.5 340 3119 -50.1
-41.8 257 &@&e sputtered wafeF?. As can be seen from Table I, MREsS from

| onlngarr:c sputt fer gd 15 T éﬁsco!mﬂphamond mEIC&Y <dil@'r bcalayahffgmtiommphkt udes
to s fromr i ode Ler ed er ,./.. The d ot ut, litude
of MREs fromv@&%‘?’yffms on}wg g%&n ?%tﬁ?éf‘ lt% {‘rgvolts

This resul§ i sahéiphbus, GeREY %%fﬁhous, or essentially amorphous permalloy crystalline
film structure oriented in the plane of the substrate. When considered with the
fact that all of wafers 1-7 had similar thicknesses, this result leads to the
cénclusion that ion-beam sputtered MREs fabricated with an ion-beam energy of
300 electron-volts and an angle of incidence ©; of 30° exhibit very little, and .

10  practically no, crystallinity along the FCC <111> plane. Alternatively, it can
also be concluded that only very short range atomic ordering in the <11]> plane
is existent in these permalloy films. This alternative conclusion is discussed
below in greater detail. Although no electron microscopy techniques were used
to analyze the permalloy MRE films, it is speculated that reduced atomic

15 ordering would be found.

It is also shown in Table IV that grain size of permalloy films on

wafers 5 and 6 were significantly smaller than grain sizes of permalloy films on
_wafers 1-4 and 7. The permatloy films with substantially amorphous crystalline
structures from wafers 5 and 6 had a grain size of 126 Angstroms. The

20  permalloy films from wafers 3 and 4 had a grain size of 169 Angstroms. The
permalloy films from wafers 1 and 2 had a grain size of 196 Angstroms.
Finally, the permalloy films from wafer 7, which were the most crystalline of the
films as is evidenced by their high FCC <111> x-ray diffraction peak intensity
of 5,425 counts per second, had a grain size of 226 Angstroms.

25 It is speculated that the reduced grain size exhibited by wafers 5

‘and 6 contributes substantially to the greatly reduced crystallinity found in these
wafers. Grain size affects long range atomic ordering. As grain size decreases,
long range atomic ordering decreases as well. The relationship between grain
size and atomic ordering is such that within individual grains, an atomic ordering |



with the simlar Delta Rho values exhibited by MREs fromwafers 1-4 as was
shown i’n Table |I. On average, wafers 1 and 2, which were sputtered with an
20* ion-beam energy of 500 el ectron-volts, exhibited.slightly |ower
digital output anplitudes than wafers 3 and 4, which were sputtered
wi'th an ion-beam energy of 1,000 electron-volts.

Table Il also shows that MREs from waferg,5 and 6, which correspond
to permalloy filnms sputtered with a beaméenergy of 300 el ectron-

25
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42 percent ovesizé Rhich gonteibutes tethe substantialtie ambrphbis ciystatlinef straicoe of

sputtered MRE wafer_ 7.
P ) these films.

10 Although grain size appears to have a significant effect on the
crystallinity. of permalloy films, it is clear from the non-linear nature of the data
in Table IV that the degree of crystallinity of a film is not necessarily direétly
proportional to the grain size of the film. For example, the FCC <111> x-ray
diffraction peak of substantially amorphous wafers 5 and 6 is more than 33 times

15  less than that of wafers 3 and 4, while the grain size of wafers 5 and 6 is only
roughly 25 percent less than the grain size of wafers 3 and 4. Consequently, it
is difficult to determine a specific grain size that results in a permalloy film
which exhibits a substantially amorphous crystalline structure, like the
substantially amorphous permalloy films of the present invention. However, it

20  appears from the data in Table IV that a grain size of less than 169 Angstroms

" is required. |
As discussed earlier, an optimal property which can be exhibited
by an MRE film is high output amplitudes. Under conventional theories, to
increase output amplitudes, the films Delta-Rho had to be increased as well. In

25  the films of the present invention with reduced grain size and a resulting
amorphous or substantially amorphous crystalline structure, it Was observed that
these films exhibited substantially higher output amplitudes without exhibiting
increased Delta-Rhos. It is once again speculated that this is due, in part, to the



1Q Simlar results for analog anplitude tests are shown in

Table IFI1. The 3,663 mcrovolt and 4,146 m crovolt anal og out put
anplitudes of wafers 5 and 6 once again far exceeded the outputs of
MREs fromwafers 1-4 and 7. The anal og out put anplitudes of MRES from
wafers 5 and 6 were between 84 and ~ 108 percent higher than the 1,990
m crovolt anal og output anplitude of Bs 15 fromwafer 4, which had the

| owest output of the tested MRE wafers. "The anal og out put anplitude

of MREs from ggﬁs . Al [ n_50 and ercent hi.gher
than the 2, 44 m%‘?ggdﬁ?&gg’gﬁ%&gg&ﬁﬁ%a%?@ e@ﬁ%mﬁ” f5's and waf er
1, which had ghe highest of the remining ion-beam sputtered MRE out put
anplitudes. Finally, the outputs of wafers 5 and 6 were between 17 and 33

20 percent hi gher thaklowsaer itishould; be neted thay resduced grainpsize slopé is mate of

MREs from MR PR | e : . :

di scussed, Tag}(%lg tf)l cgﬁﬁltfﬁar%ghéﬁv&?@pg%vﬁévﬁﬁmu bé?(‘B%dCt g&ac films °¢€’§ul t of
MREs fromSwaf preseri invetition did/not@xhibity Sigrificdnt ynchéagd BY resisidig FiBtke 7 is
digital output amplijudes than outputs of MREs from either standard

rf-di ode 25 asﬁfgit SRR rIesISHYity versyy graEsize rof permaliope films.p Theodate MVRE

vafers 1. iiusraibaby Pkl 7300 b iahondh of WAL ARER L QTRLEES 5 21 ©

exhi bit great roved secon arnoni csS and norse ¢ stics
as conpared t filiviREputterednwith a béamf emesgyl of 3D0deléctrodgwilts. ThedHmseserets are -
surprising wh th the ) fact that MREs fromwafers 1-7 .

n consjidered w i
al | exhi bi t edbeHEn Z‘Pﬁeﬁndv AZRFHAm thigkynéYsi ¢an be seen from Figure 7, the

10 resistivity of the films varied only slightly as the grain sizes were reduced from

just below 160 Angstroms to just above 100 Angstroms. However, as the grain
sizes were reduced much below about 100 Angstroms, the resistivity increased
much more rapidly. The resistivity corresponding to the smallest grain sizes
detected are likely to be prohibitively high.

15 As discussed above, small grain size alone cannot account for the
results obtained. Other techniques, such as rf-diode sputtering techniques, could
in theory under extreme fabrication conditions, be used to obtain small grain
sizes such as those obtained above. The extreme fabrication conditions necessary
could include sputtering while cooling the substrate with a liquid coolant. These

20.  overly burdensome rf-diode sputtering conditions could possibly obtain reduced
grain size, but not the desired combination of increased output amplitudes and
low or normal resistivity as discovered in the permalloy films with substantially
amorphous crystalline structures of the present invention, The increased output
amplitudes observed in the permalloy films with substantially amorphous

25  crystalline structures are speculated to be due, in part, to dense packing of the

‘grains which is a result of the ion-beam sputtering process under certain
conditions. If the grains of the films were not highly packed, resistivity would
likely increase and output amplitudes would decrease as a resuit of less signé.l

producing active sensor material being present per unit volume in the films.



and el ectrical properties Wafers 5 and 6, which correspond to the MREs
deposited with an ion-beam energy |evel (300 eV) that produced one of the

| owest Delta Rhos, would not normally be expected to contain MREs with the
hi ghest out put anplitudes. Exam nation of wafers 5 and 6 revealed no 5
significant process deviations fromthe build specifications applied to the
ot her waf ers whi ch could account for the observed inprovenents in
per f or mance. Figuré§'4-6 illustrate noise versus
anal og out put anplitude%rfor i gus wafers. Figure 4 illustrates

) var ]
the anal og output anpl i tigHEe $d$ §L¥§aﬁ?oﬁ?'§§’mg FCC <thar %edvedifiaction peaks waf er
5. Once again 3@@ QiYed| MR P W]y er mal | oy
films fabri ca"tog us%rfgmgm [ or?— %am e%gr%%‘e%sf gg%ﬁg}a%g‘{arfeg%%é %s?e% i\?10I ts and
an angl e of i wodeddémaerifycthe resuits Sovnr in. TablayUry . SCulve US0) whiek hanad BGCout put

anplitude vers nQi se racteri.stifs.for wafer ce again, wafer 6
contains. | AT IREAT, ERACAT Beac] 478t niireiBaiy 41 00 Priaet sPpta oc
usitng an 1s0on- QS&E@fpondstoa&ﬁﬁfa&i’rﬂﬁio 1RA VIRE witdr! C1avé 164) vAIEH RasOf

i ncidence [err] of 30[err]. Figure 6 15 il lustrates the anal og out put

anpl i tude ver sns FROCs&lthraramyediffadtion peak 456 afdHA0 counts perebevondd waf er
fabricated using a standard rf-diode s I ng process. . can be -
seen from Fi g&f SPQQ%? poejﬁ‘l: FPrpgant SQ‘&‘TY%%W&%F 58%“%?@3’,“%% Woghsam, i e
~versus anpli ttéﬁ@rﬁsia&aswewcuwfvos@cahd MREaid® LESREHGR DY &) Idfeigeanpgy Or an
0 The hi ghest anplitude and noi se data points are brobabl y a result

of a short i ncotrastzcures {58 ewhich cauespogds & an iegp-beam sputtered MRE wafer  As
can be s fromFi gur.es 4 and 5. ion-beamsputitered fers and 6
conta n Mk POFeE AT gF Sfhedn, L, A0 SlebEO TN bl e pelg o,
conpared to Mikiddnc® ®, 0f803 ! 18 d3jedk lifterhit9 dS0dTUkDAEIDOVERLAL pehssvond.n Figure
6. Additionally, it can be seen fromFigures 4-6, that the anplitude versus

noi se 25  chdvthough ipsak 460 efiouniet b3 isysqummehat highenvghiasy the 26aeatnts pere nuch

Char acter i ot | &R FRREGTRRYf wafert 5 end ¥Fas s in W T 8 il svmepsentionn i
Figure 6. Thi g pearllyidefdrpphclisefilbp stnitturk s tcoldpatison to the peakd KE other tstde

sputteri n%b i on- beam sputtering does not provide a dense plasm near
the | ocathSon &¥afethe substrate. This in turn linits plasma interactions with

It is therefore clear, as evidenced by the x-ray diffraction analysis,
that the techniques of the present invention for producing dense packed reduced
grain size permalloy films results in films which exhibit an amorphous or
substantially ambrphous crystalline structure.

20 . In addition to producing more active sensor material per unit
volume, other possible explanations of why the amorphous or nearly amorphous
MRE films from wafers 5 and 6 exhibited superior output amplitude and noise
characteristics is that higher packing densities limits oxidation more than the
lower packing densities of standard rf-diode deposition techniques. Additionally,

25  asis the case with magneto-optic media, a more amorphous film structure may
also limit intrinsic noise mechanisms such as grain boundary domain wall
pinning. These factors may help explain the improved characteristics exhibited
by the amorphous permalloy films discovered.



-19- the aligning magnetic field and m nim zes thickness variations

die to'this effect. The nore uniformdistributi.on exhibited by

i on-beam sputtered MREs over rf- di ode sputtered MREs is another -
advant age of ion-beam sputtering. Non- uniformty of rf-diode
sputtered MREs conmmonly results in excess production 5 costs and waste
as many wafers nust be di scarded. Consi dering the other
somewhat simlar magnetic and el ectricar®® properties of wafers 1-7 as
shown in Table I, the i ove litude, poi second harnoni cs and
uni fornity of the 300 eI ngsanH‘VS’é%ﬂﬂ*?ﬁbﬁ”eﬁkéﬁlbedm mﬁergnw om

e roveq s ?G@Iﬂgﬁ CS ‘?)(# rﬁéllk%}sz.s#gieg l&waﬂi I%S#?éa). I on cgs 'y

i mproved charac ers an Xx-ray inal ysi s
was condoayt brimade mfmmmrdbtalrmholasigpat:ungf&drmmmpnawndl sebpeof i on
anal ysi s, n,Table lV,. pro
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permalloy films with a particular ratio of nickel and iron. Additionally, while
ion-beam sputtering conditions of a beam energy level of 300 electron-volts and
an angle of incidence ©, of 30° produced optimal results in the tests performed..
the invention is not intended to be limited to amorphous ot nearly amorphous

10  permalloy films sputtered under these exact conditions. For example, it is
apparent that ion-beam energy levels play a more important role in reducing the
degree of crystallinity of ion-beam sputtered permalloy films than angle of
incidence ©; does. Also, amorphous permalloy films are not likely to be unique
to films deposited under these specific sputtering conditions. One skilled in the

15  art will realize that the optimal beam energy and angle of incidence for
producing the substantially amorphous films of the present invention will vary
depending upon system design characteristics such as substrate to target spacing.
Finally, while amorphous permalloy films have been shown in use as an element
of an MR head, these films can be used in other applications as well. For

20  instance, amorphous permalloy films can be used in devices such as
magnetometers for detecting magnetic fields. '



VWAFER ANGLE 2- THETA <111> . GRAIN

NCVBER* BEAM THCK <111>PEAK PEAK Sl ZE

| NCI DENCE EN TION  INTENSITY (Ang.)

(degrees) (eV) Ill degrees) (CPSj 20 1,2 30
560 435 1631 196 —34.. 30
1000 360 43, 979 863 2569 | THBS Gl o 307 |

300 440 44.129 126

e e Vb
be seen fromT rf-di ode sputtered VRE wafer 7

exhi bited an Fﬁ:C <111> xA mygmeticatlp permealie aatefialcoffjirising a ssbstantiallyper
second, the h| est, of the stfgw.vvafers This indicates that the rf-di ode
sputtered per &}/hqqﬁli??r MRE waf er 7 have the highest degree of

-20- crystallini tyhaiadfichlhgéith éib%@ﬁﬁt&%l%f%lﬁl R Sirk idtheRES

fromion-beam Sputtered wth an 1o eam ener gy of
500 el ectr 6n- vaitstantially amerphiohs pettnalhay fitmthasi 3y bemposition «wiiith includes

diffraction pe k Th count per second peak intensity of these
waf ers i ndi cat ﬁ’@l%ugé@pegqeggmgyebm stent,

The magnetically permeable material of claim 1, wherein the

substantiaily amorphous permalloy film is formed by ion-beam sputtering.
4, The magnetically permeable material of claim 3, wherein the
10  ion-beam sputtering is performed with ion-beam energies below 500
electron-volts.
S. The magzietically permeable material of claim 1, wherein the
substantially amorphous permalloy film has a grain size of less than 169
Angstroms, ,
15 6 A magneto-resistive element comprising a substantially
amorphous permalloy film formed on a substrate.
7. The tﬁagneto-resistive element of claim 6, wherein the
substantially amorphous permalloy film is formed by ion-beam sputtering.
8. ' The magneto-resistive element of claim 6, wherein the
20  substantially amorphous film has a substantially amorphous film structure in
a face centefed cubic <111> direction.
9 The magneto-resistive’ element of claim 6, wherein the
substantially amorphous permalloy film has a grain size of less than 169
Angstroms. _
25 10. A magneto-resistive head comprising:

a magneto-resistive sensor for sensing a magnetic field, the
magneto-resistive sensor comprising a permalloy film
with a substantially amorphous crystalline film
structure; and

| AR



5a crystallinity and long range atom c ordering in the FCC <111> pl ane.

MREs from i on- begiusDYhl Sl rs 3 and 4, with an ion-beam energy
of 1,000 el ectro i I ﬁgd an FCC <llg>x-+ay..diffraction
peak of 863 counts per rmlﬂ Hm hal f of that ekhiilsi Bed by i o'_r'}l}b‘e;am

sputtered wafers 1 and conpared t the{xgygy,giffﬁaction
peaks of wafers 5 and 6, the MRE filnms 0fy710 waf ers 4 vipul d_stil
be considered to be essentially crystalline in structure. Al'l of the

x-ray diffraction peaks g@g ' tion angle for co r
al pha radi ati on. e6hictive Patts éﬁpq#ug‘i ﬁgeemﬁg{lgﬁ?%?ﬂé?"mg??‘lfm
i on-beam sputtered wafers 3 awdupling thé weigReRCRRisEES adin¥orl hﬂon%ﬁferﬁ{lan MRES

fromthe other wafers. Wen consi.dered 15 ~ with the previously nentioned
fact that the intensity of th&BBEY<111> x-ray diffraction peak is
partially based upon filmthickness, it will be recognized that t he
~FCC <111> 3-ray diffraction peak of 863 exhibited by MREs from wafers
3 and 4 wotl d be even higher if these filns were as thick as other tested
filmns. This further illustrates the reduced degree of crystallinity
of MREs fromwafers 20 5 and 6. The nost significant
result of the test is the FCC <111> x-ray diffraction peak of MREs
fromion-heam sputtered wafers 5 and 6. These MRE waf ers, with MREs
sputtered with an ion-beam energy of 300 el ectron-volts, exhi bited an

FCC <111> x-ray diffraction peak intensity of only 26 counts per 25
second. This FCC <111> x-ray diffraction peak is nore-than 33 tines | ower
than that of wafers 3 and 4, the wafers with the next | owest peak
intensity. If wafers 3 and 4 were the sane thickness as wafers 5 and
6, the corresponding . FCC <111> x-ray diffraction peak woul d be nore
than 33 tinmes | ower than that '

AL R



-21- of wafers 3 and 4. This result is also hore than 208 tines

| ower than that of rf- di ode sputtered wafer 7.

The 26 count per second FCC <111> x-ray diffraction peak intensity
of MREs on wafers 5 and 6 indicates an anorphous, substantially 5

anor phous, nearly anorphous, or essentially anorphous pernmalloy crystalline
filmstructure oriented in the plane of .the substrate. Wen considered with

t he act that all of wafers simlar thicknesses, this result
h f h 'l of f 1-7 had siml hi ck hi I

| eads to the b puttered fabrrcated W th
an ion-beam energy OWOE’&SHSE% 5§J§M§M9W9Dof i nci dence
[err] of 30[err] exhibit very N@Am@qﬁm tically no,
crystallinity along the FCC <?1!’1> ane rnati veI y, it can al so
be concluded that only very RA@'E SCIo; ng in the <111> pl ane
is existent in these per mal | og | s. T i.s alternative, concl usion

di scussed bel ow i A Iy chegmpa l%l”t‘ﬂ%h‘:wr@}'gc?r stantial scopy

t echni queg we eTHRaubRhhtoN erthdl
specul at eg thgftﬁom 83 tlg%‘fié&qghiéél"osééi;“ ng woul d ge f l%ﬁdég% ldys
It is al so shéim is forfred| by xbnébeamtspgtmng s’lr“h:esubsitarpaﬂyahiomphduslpnnmﬂuy

wafers 5 and wer e, Sl nrfrc in si.zes of permall oy
filns on ?hﬂéﬁgﬁg %mW“aﬁ hﬁﬁﬁp 89” c ﬂﬁmﬁP§W‘substantrally
anor phous crystalline structures fromwafers 5 and 6 had a grain size
of 126 Angstrons. The 20 permalloy films fromwafers 3 and 4 had a grain
size of 169 Angstrons. The permalloy filnms fromwafers 1 and 2 had a-
grain size of 196 Angstrons. Finally, the permalloy filns from wafer
7, which were the nost crystalline of the filnms as is evidenced by
their high FCC <111> x-ray diffraction peak intensity of 5,425 counts
per second, had a grain size of 226 Angstrons. 25 It is
specul ated that the reduced grain size exhibited by wafers 5



and 6 contributes substantially to the greatly reduced crystallinity f ound

in these wafers. Grain size affects |ong range atom c ordering. As
grain size decreases, | ong range atom c ordering decreases as wel |l
The rel ationshi p between grain size and atom c ordering is such that
wi thin individual grains, an atomc orq?ﬁ}ng
-22- whi ch woul d be considered ‘€rystalline may exist while, at the
sanme tinme, reduced grain size can have the effect of reducing the
| ong range atom c ordering of the film Therefore, reduced | ong
range atomi c ordering as a result of reduced grain size transl ates
to a reduced overall crystalline structure of thegfilmas well. This 5
is.further evidence by the fact that, for permall, fildﬁ on wafers 1-7, as
grain size increased, so did the FCC <111>\W.ray gdiffraction peak.
*Consequent |y, permal loy filnms on wafers 5 a be described as
havi ng a reduced grain size which ¢ Lou helsubstantially
anor phous crystalline structure of \
Al t hough grain size appears to € a s]gnificant on{t he
crystallinity of permalloy fjAfns, it isjclear fro n-§i near nature of
the data in ble I that the degree of crypt ity of afilmis
not necessarily dirastly proportjonal to th g[A stze of the film
For exanple, the F > X-ray diffracti ea§,of substantial ly
anor phous wafers 5 any ~s_no hap 3p~tines 15 Ies;,than thag_pf
wafers 3 and 4, while e grafn sijzeloffwafers 5 and [6 /; oply R
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roughly 25 percent less than the grain size of wafers 3 and 4.

Conseqdently, it is difficult to determne a specific grain size
that results in a pernalloy film whi ch exhibits a substantially

anpr phous crystalline structure, like the substantial | y anorphous
permal l oy films of the present invention, However, it 20 appears from
the data in Table IV that a grain size ¢f7less than 169 Angstrons IS
required. As di scussed earlier, an optimal property
whi ch can be exhlblted by an MRE filmis high out put anpl i tudes.
Under conventional theories, to i ncrease out put anplitudes, the
films Delta-Rho had to be increased as well. In 25 the films of the
present invention with reduced grain size and a resulting anor phous

or substantially anorphous crystalline structure,s® was observed that
these films exhiNised substantially higher outp#t anplitudes w thout

exhi bi ting O N8y eageyl Delta-Rhos. It is once again specul ated that
this is due, qgg?rt N0 the .
-23- educed gr.'n ﬁkzesgf the substantially anorphoys MRE filns on

However, it shgll¥ be noted
likely to accd
The films of the 5 preseny aqtion did
i cant incraase i esistivity. Figure
size of permall oy

wafers 5 and
that reduced gr\
the i nproved res™
not exhibit a sign
graph showi ng resistN\ity versus\gtrai

7’




illustrated by Figure 7 was taken froma nunber of ion-beam sputtered

per mald oy films sputtered wwth a beam energy of 300 el ectron-volts.
The filns were bet ween 300 and 400 Angstrons thick. As can be seen
fromFigure 7, the 10 resistivity of the filnms varied only slightly as

the grain sizes were reduced from bpst bel ow 160 Angstrons to just
above 100 Angstrons. However, as the_gﬁé’ si zes were reduced much

bel ow about 100 Angstrons, the resistivity increased much nore
rapidly. The resistivity corresponding to the snallest grain sizes
detected are likely to be prohibitively high. 15 As

di scussed above, small grain size alone cannot account for the
resul ts obtained. O her techniques, such as rf-diode sputtering techniques,

coul d in theory, ! e used to
obtain small gfain nbové.” The extrene
fabrication coph@ & dn put t ¢ri ng while
cooling the subﬁ% tig ovérly burdensone
rf-diode sputtge q bduced grain
si ze, but not tééggés but  anpl i tudes and

| ow or normal f tfijvi py filgs wit
substantially | ¥ u {g f t-h¢ present ™.

i nvention. Thel £htt g4 ved {n the pekgglloy

Fuct fires are, «
grainE:vfich
ertagn

packed, resistivity
H de¢rease as a
[ eri @l being present

filmse wth substanti g

specul ated to be due, i
is aresult of the i

conditions. If the gr
woul d i kely in
result of |ess signha
per unit volume in tH
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- 24-
diffraction peaks
wafers were tested in

Figure 8 is a graph showing FCC <111> x-ray

of MREs fromthree sel ected MRE wafers.

The t hree

order to verify the results shown in Tabl es

| -d V. Curve 150, which has an FCC

approxi mately 11,000 counts per second,
rf-diode sputtered MRE wafer. Curve 1544

<111> x-ray diffraction peak 152 of

5
/¥hi ¢

di ffraction peak 156 of 5,400 counts per second,
i on-beam sputtered MRE wafer sputtered with an ion-beam

el ectron-volts and an angl e of
curve 158, which corresponds to an ion-beam sputtered MRE wafer

h has

(640)

i nci dence of [err] of 30. By

corresponds to a standard
an FCC <111> x-ray

rresponds to an
energy of 500
contrast,
10

sputtered with an ion-beam energy of 300 electron-volts and an angle of

i nci dence [er, of  BOTENT |, [Nas [@ paak IlienTTTjP
per second. =32 t hoggh peak {160 jof curvejf 158{i
the 26 count $ gye® second pgeak fi ntensity of
Table |V, it|siLl]epresents a nefarl y{ano
conpari son t0£§é§ p @y ¢t her| tegted 15 | waf
is therefore rl | as evide¢nced by {the x-ray di
that the technjgyels| of fhe presgnt inventionffor
reduced anginl si zg pefnal ljoy flil ng resplts
anor phous or substantial |y angr phqus cfyst
In addition to producing note ag¢tive serjsor jmate
ot her possi bl e explianat] onsjof why tihe gnor phous
MRE filnms fromwafgrs 5 and| 6 exhi bift ed [superi or
characteristics is jthatj higher packiing densiities
t he | ower pagki ngl denkiti¢s off stdandard rf
techni ques. Additidgnally, 2pb hs 1§ thg casle W
nore anor phous filh strjuctufe nmpy

o~

bt i on
Huci 1
in tilns

fra
pro

ne st
per
hear |
but

Al i
i al
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:

g

- di ofle dé
{ h mhgne

ound 100 counts
at hi gher than
and 6 as shown in

il mstructure in

It
analysis}r\
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whi ch exhj
ructure..
uni t
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t an

| ume,

Inpl i t ude ‘and noi se
limts ¢x@@dati on nore than
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also limt intrinsic noise nechani sns such as grain boundary domain wal l
ptnnirg. These factors may help explain the inproved characteristics

exhi bi t ed by the anorphous permalloy filns di scovered.

- 25- Al t hough the present invention has been descri bed
wth reference to preferred enbodinents, workers skilled in the art

w || recognize that changes nayf567nade in formand detail w thout
departing fromthe spirit and scope of the invention. For exanple,
the invention is intended to apply to anorphous 5 permal loy filnms in
general, and is not intended to be limted to anorphous per mal | oy

filme with a particular ratio of nickel and iron. Additionally, while

i on-beam sputtering conditions of a beam energy | evel of 300 el ectron-volts

and an angle of incidence [err] of 30 produced optinmal results in the

tests perforned. the invention is pot intended to be Igumited to

anor phous or n nor ghous] 10 pefmal Joy fli | ng sputterped under these

exact conditié exgnpl g, it]is apparerft thiat ipn-beam energy

| evel s play a ortfant {rol el in fedu¢inglithe depree of

crystallinity msputtered permalloy[fil s than ahgl e of _

i nci dence [err 3 mor phous| peral | gy fi]l ms jJare hot likely to be

uni que tjf2 5 defosi tled upder|these speciflic iputtambng condjtions.

One skilled in b arnt wiill realike that ghe dpti nal b;éﬁlenerg and

angl e. of i nci or , prodycing the subpstanti al|l y apor phous feéys of
~

the present inventiop wlfl vary
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dependi ng upon system design characteristics such as substrate to target

spacjng. Finally, while anorphous permalloy filns have been shown in
use as an el enent of an MR head, these films can be used in other

applications as well. For 20 i nstance, anorphous permalloy filns can be
used in devices such as magnet onmet ers for detecting nmagnetic fields.
26 o/ TLAING 1. A magnet o-resi stive

el enent conprising a substantially anorphous pernmalloy film characterised
by form ng the substantially anmorphous permalloy filmwth a grain size of
| ess than 169 x 10[err]m 2. The magneto-resistive elenment of claiml,
wherein the substantially anorphous permalloy filmis fornmed on a
substrate. T

180
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3. 2 Fhe magnet o-resi stive elenent of -clains 1 or -2 wherein the

subs«t‘antl ally anorphous filmhas a substantially anorphous structure in a
face centred cubic <111> directi on. 4, The magneto-resistive el ement
of claim3 wherein the substantially anorphous permalloy filmhas a face

Centred cubic < 111 > plane lying parallel to the plane of the substrate.

5. The magneto-resistive element of/¢@laims 1 to 4 wherein the
substantially anorphous permalloy filmhas a conposition which includes
bet ween 30 and 86 percent nickel. 6. A magnet o-resi stive head
conpri si ng: a magnet o-resi stive sensor for sensing a magnetic field,

the magneto- resistive sensor conprising the magneto-resistive el enent of
any preceding claim and conductive paths coupled to the nagneto-resistive
.sensor for coupling the nmagneto-resistive sensor to external ci rcui%ry.
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27 7. A net hod of forn1ng a magnet o-resistive el ement as claimed in
any one of clains 1 to 5 conprising a substantialy arorphous- perna#+ey
filmwherein the substantially amorphous pernal l-oy filmis formed by - ;
i on- beam sputtering wth ion-beam energies bel:oy 500 el ectron-vglts: *“8:-5
A nmet hod according to claim7 wherein tﬁg substantlally anor phous: pe%nalloyi
filmis forned by ion-bean1sputterinqggkhgsan angl e of incidence- bétween -
the ion-beam and a pernall oy target about 30. 9. A nmethod of - |
form ng a magneto-resistive el ement conprising a substantially anorphous |
permal l oy filmaccording to clains 7 or 8 wherein the ion- bean1cﬂﬂvrlses L

I. A magneto-resistive element comprising a substantially amorphous T
permalloy film, characterised by forming the substantially amorphous permalloy

film with a grain size of less than 169 x 10-10m.

2; The magneto—resistivé element of claim 1, wherein the substantially

amorphous permalloy film is formed on a substrate.

3. The magneto-resistive element of claims 1 or 2 wherein the substantially
amorphous film has a substantially amorphous structure in a face centred cubic

<111> direction.

4, The magneto-resistive element of claim 3 wherein the substantially
amorphous permalloy film has a face centred cubic <111> plane lying parallel to

the plane of the substrate.

5. The magneto-resistive element of claims 1 to 4 wherein the substantiaily
amorphous permalloy film has a composition which includes betwéen 30 and 86

percent nickel.

6. A magneto-resistive head comprising:

a maf‘;neto—resistive sensor for sensing a magnetic field, the magneto-
resistive sensor corﬁprising the magneto-resistive element of any preceding claim;
and conductive paths coupled to the magneto-resistive sensor for coupling the

magneto-resistive sensor to external circuitry.
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Argon ions. 10. A nmethod of formng a nagneto-resistiveletenent
according to clains 7 or 8, wherein the substantially anorphous pernall oy
filmhas a grain size of less than 169 x 10[err]m

27

7. A method of forming a magneto-resistive element as claimed in any one of claims
1 to 5 comprising a substantially amorphous permalloy film wherein the substantially
amorphous permalloy film is formed by ion-beam sputtering with ion-beam energies

below 500 electron-volts.

8. A method according to claim 7 wherein the substantially amorphous permalioy
film is formed by ion-beam sputtering with an angle of incidence between the ion-beam

and a permalloy target being about 300,

9. A method of forming a magneto-resistive element comprising a substantially
amorphous permalloy film according to claims 7 or 8, wherein the ion-beam comprises

Argon ions.

10. A method of forming a magneto-resistive element according to claims 7 or 8,
wherein the substantially amorphous permalloy film has a grain size of less than 169 x
10-10m,
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