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BACKGROUND OF THE INVENTION

'The present invention is directed generally to
~“thin films, magnetic recording media, transducers and -
- devices incorporating the films and, more particularly,
20 Eo"thin:films promoting highly oriented cobalt or
'~ eobalt alloy magnetic layers for use in magnetic
recording media and transducers.
- There is an ever increasing demand for magnetic
irecordiﬁg media with higher storage capacity, lower
25 noise and lower costs. . To meet this demand, recording
media have been developed with increased recording
.. densities and more well-defined grain structures that
"* *'have ‘substantially increased the storage capacity,
" while lowerlng the associated noise of the recording
_3Q5:med1a. However, the rapld increases in recording
_ : den51t1es over the last’ two’ decades, combined with the
Y prollferatlon of personal computers have only served to

~
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fuel the demand for even higher storage capacity
recording media having lower noise and cost.
Computational and data manipulation devices are
being used in a rapidly expanding number of
applications. Examples of these include
supercomputers, personal desk top and portable laptop
computers, file servers, personal data assistants, data
collection devices, article tracking systems, video
recorders, digital audio recorders, and even telephone
answering machines. A common architectural -feature is
that they all have a central processing unit, input-
output interféces, various levels of temporary memory,
and usually some form of permanent data storage device.

- The distinguishing characteristic of the permanent data

15

storage device is that the information remains intact
even if the electrical power is lost or removed. Data

" are stored on permanent data storage devices either
“"optically or magnetically. The more commonly used data

aE

20 .-

storage devices are based upon magnetic materials which
are erasable and re-recordable. Common to all magnetic

., data storage devices are record and read transducers, a

25

magnetic medium updn which to store the data, and a
meéhanism to position the medium or the transducers
relative to one another.

Some of the more common permanent data storage

aevices include the floppy disk drive, the hard disk
drive, and the magneto-optic disk drive in which data

are stored in magnetic bits in segmented circular

,.tracks. The magnetic medium is rotated and the

30

transducers are stationary or moved radially to read or

@vy?;te data at a locatlon on the medium.

L1kew1se, the magnetic medium is sometimes

.“4constructed as a tape or a sheet and is transported

35

- 'y linearly while the transducers may be stationary, moved
- transversely across the moving medium, or even moved in

a helical arc relative to the medium. Also, in the
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future it is conceived that very large amounts of data
may be stored on physically very small formats where
the medium or the transducers are moved in two
dimensional Cartesian coordinates or arc motions

relative to each other to access the data.

Historically, the transducers for many of the non-
optical magnetic data storage systems have been
inductive magnetic heads used for recording data by
magnetizing the medium in a particular direction and
for reading the data by detecting the direction of the
magnetized medium. More recently, an inductive
magnetic head is used for recording the data pattern

~while a magnetoresistive sensor is used for reading the
”data., In many of the magneto-optical storage devices

lsfhan integral part of the record transducer is a

";wcomponent which generates a magnetic field at the

20 i

'7; medlum surface while the surface is heated by using an

optlcal source. The medlum magnetlzatlon then assumes
the magnetlc orlentatlon of the field generated by the
record transducer when the medium cools, In some

r:jsystems this orienting field is provided by an

25

adjancent magnetlc material.

' Due to the physical size, efficiency and
orlentatlon of the record and read transducers the
magnetic medium is generally magnetized in a preferred

~orientation. Hence, in almost all magnetic data
' storage media it is desired to orient the magnetic

media in a direction to match the operational
orientation of the recording and playback transducer.

:In addltlon, magnetic materials generally will
.- magnetize more easily in a preferred orientation or

'eﬁorientatlons, along what are known as a magnetically

easy ax:l.s or axes.

e Magnetlc properties, such as coerc1v1ty (H),
35

remanant magnetlzatlon (M,) and coercive squareness
(Sf), are crucial to the recording performance of the
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medium. These magnetic properties are primarily
dependent on the microstructure of the film for a fixed
composition. For thin film longitudinal magnetic
recording wedia, the magnetized layer preferably has
uniaxial cryStalline anisotropy and a magnetizatioﬁ
easy axis directed along the c-axis and predominately
in the plane of the film (i.e, in-plane). The
predominate crystallographic orientation of a layer is
known as the crystallographic texture, or texture, as
used herein, as opposed to the use of the term
"texture" to describe the mechanical roughness of a

"surface. That is, a crystal having a surface and a
iérystallographic plane parallel to the surface would be

“*‘gdid to have a texture described by a direction vector

15

20

25

30

orthogonal to the surface. 'USually, the better the in-

.- plane c-axis orientation, the higher the coercivity of
“the magnetic layer used for longitudinal recording.
‘High coercivity is required to achieve a high
'%éménence..'Likewise, for perpendicular maghetic

" récording media, the desired crystalline structure of
- the Co alloys is hexagonal close packed (“hcp") with

the uniaxial anisotropy and crystalline c-axis

_perpendlcular to the film plane.

It is generally de31rab1e to allgn the

' ﬁagnetlcally easy orientation of the medium with the
'orientation of the transducers. By aligning the

orientations of the medium and the transducers, a data
bit can be recorded with a lower energy transducer

- field and the ability to more easily magnetize the

medium provides for a more strongly magnetized portion'

__;of the medium. The combination of these two effects
Hfallows a data bit to be recorded to and read from a

':?more localized, yet more highly magnetized, portion of

35

the medium. In other words, by aligning the relative

fﬁééhétic orientations of the transducers and the

" medium, increased recording densities and storage
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capacities can be achieved. This results in a higher .
performance data storage device by allowing more data
to be stored in a smaller area on the media. It also
results in a lower cost per data bit and possibly lower
5 cost storage devices, as fewer components are required i
to build an equivalent or larger capacity storage
~device. In many cases it also results in a decreased
_acéess time to reach a particular piece of stored data
. since the physical size of the storage system is
10 smaller. '
_ In the rotating storage devices it is desirable
that the orientation of the medium be either random
parallel to or constant in relation to the
circumferential direction in the plane of the medium or
15 . that the orientation be perpendicular to the medium
L surface. In each of these orientations the relative
. orientations of the magnetic medium and the transducers
does not vary as the medium is rotated relative to the
transducers. Variations in the relative orientations
20 .of the medium and the transducers results in variations
.. in. the recording and reading of sgignals, which is known
- as signal modulation. ' _
For floppy.disks and most hard disks the
orientatioh is nearly random in the plane of the
25 medium. However, rotating magnetic media often have
~ some small degree of orientation along the record track
direction due to the mechanical roughness of the
substrate surface. For perpendicular magnetic media,
the orientation must be well oriented perpendicular to
3Qg;the media plane to match the field orientation of the
< :record and read transducers. In magneto-optical
recording, the magneto-optical Faraday effect, or Kerr
_éffect, is far larger when the light propagates
:parallel to the magnetization direction. Because the
35'7light is usually delivered perpendicular to the medium
... surface, it is desired that the magnetic orientation of




“WO 99/24973 p PCT/US98/23855

the medium be the same. Likewise, for tape and sheet
magnetic recording systems the preferred magnetic
orientation of the media is parallel to the field
orientation of the transducers.
5 Modern high performance magnetic media generally
congist of one or more thin magnetic films supported on
a substrate. The thin films are generally vacuum
deposited on the substrate by various technigues such
as thermal or electron beam evaporation, RF or DC diode
10 or magnetron sputtering, ion beam deposition, laser
- ablation, or chemical vapor phase deposition. However,
films have also been prepared by electrochemical
deposition. In most magnétic recoxrding media, such as
" used in hard disks, the thin film layers are
15 polycrystalline. In most commercial magneto-optical
‘recording media the magnetic thin film layers are
+.“izcomposed of amorphous rare earth-transition metal
~i#alloys,- but polycrystalline superlattices have also
~f#been used. '

PR

204" - In hard disk applications, the substrate can be
+ -+ made from a glass, a glass ceramic, or ceramic, but is
more commonly an AlMg alldy with a NiP layer which is
electrolessly plated on the surface. Typically one or
more non-magnetic underlayers, such as Cr, Cr with an
25 " additional alloy element X (X = C, Mg, Al, si, Ti, V,
- Co, Ni, Cu, Zr, Nb, Mo, La, Ce, Mn, Nd, G4, Tb, Dy, Er,
Ta, and W), Ti, W, Mo, -NiP and B2-ordered lattice
- structures, such as NiAl and FeAl, are deposited on the
substrate prior to depositing the magnetic layers to
303?promote a particular orientation and/or to control the
grain size of the magnetic layers, which are typically
7% composed- of Co alloys.
o + Another factor that affects the recording
:Gﬁﬁérformance is the grain size and grain separation in
35" the magnetic layer. The size and separation of the
. - individual grains not only affects the media noise and
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recording density achievable on the layer, but the
separation also affects the achievable separation of
the recorded data transitions, or signal, the degree of
~ overlap of which induces additional media noise in the
5 signal.

Cobalt-based alloys as opposed to pure cobalt are
commonly used in longitudinal and perpendicular
.magnetic media for a variety of reasons. For example,
non-magnetic elements such as Cr are commonly bulk

10 .. doped into the magnetic film to lower the
magnetization. This is especially important in
perpendicular media where the demagnetization energy
_associated with the magnetic moment of the alloy must
be less than the magneto-crystalline anisotropy energy

15 in order fop_the magnetization to be oriented

- perpendicular to the media film plane. The same
-+ technique is used in longitudinal magnetic media to
... lower the flux transition demagnetization energy,
_ ;g{resulting in a shorter flux transition length and,
20  hence, higher recording densities. Even more
- importantly, however, non-magnetic elements are
- wﬁlntroduced into the Co-alloy to prov1de grain to grain
1solat10n via non-ferromagnetic mater1a1 dlffus1on to
limit the magnetic exchange coupling between cobalt

25 grains. .

Generally, for very small grain sizes, the
..coerc1v1ty increases with increased grain size. Large

... grains, however, results in greater noise. There is a
' need to achieve high coercivities without the increase
'30"in noise associated with large grains. To achieve a
'4élow_noise“magnetic medium, the Co alloy thin £film
ehbuld,have uniformly sized, small grains with grain
751§6ﬁndaries_which can magnetically isolate neighboring

'ﬁﬁérainSua¢This kind of microstructure, orientation, and

hﬁ;Erystallographic texture is normally achieved by
- manipulating the deposition process, by grooving the




- WO 99/24973

10

PCT/US98/23855

substrate surface, by varying the cobalt alloy
composition or by the proper use of underlayérs.
Separation of the grains of the magnetic layer and
the resulting improvement in the signal to noise ratio
of a recorded signal is promoted by inducing epitaxial
crystalline growth of the magnetic layer grains. The
grain size and orientation quality of the magnetic thin
film layers are largely determined by the grain size
and texture quality of the layer upon which the layer
is being-deposited. The degree to which a prior layer
can be made to induce a texture in a second layer
depends, in part, upon the relative size, or lattice

- spacing and the crystal structure, of the material in

‘v each layer. As might be expected, if there is a

15

substantial variation between the crystal sizes and

. structure of layers the crystallographic texture will

--...not-be replicated and the layer will be deposited with

- sieither an amorphous structure and/or in an orientation

20

25

+of the crystal structure independent of the underlayer
-and representative of the lowest energy state, i.e.
- closest packed structure, depending upon the material.

- For Co based magnetic media it has been found that

- Cr provides a good crystallographic texture for Co

alloys, as Co grains tend to replicate the Cr grain
size and the orientation is somewhat set by the
underlayer quasi-epitaxial growth of the Co on the Cr
crystallites. Depending upon the particular Co alloy

"being used as the magnetic layer, the underlayer alloy

" compogition can be chosen to vary the atomic

30 “crystalline latticé'parameter to better match the
-__lattice spacing of the Co alloy. For example, U.S.

_:’'Patent No.- 4,652,499 discloses efforts to improve the

underlayer of longitudinal magnetic media by adding

3{__Yanadium (V) to Cr to change its lattice constant and
'; thereby to promote better lattice matching between the

33hcp Coalloys, such as CoPt or CoPtCr, and the body
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centered cubic ("bece") CrV underlayer. Others have
discussed similar results by additions of other

'similarly soluble large atomic radii materials, such as

Ti and Mo, in the bcec structure of Cr. The lattice
matching promotes the growth of the Co alloy into a hep ~
structure as opposed to a face centered cubic ("fcc%)
structure. _

The hcp Co alloys have a high uniaxial anisotropy

constant, along the hcp c-axis, which is necessary to

achieve a high coercivity in the magnetic media. 1In
rotating media applications, the Co alloy is
epitaxially grown upon a random in the plane

., orientation of bcc Cr crystallites to prevent signal

20

;;.modgiation. Thatlis} the Co should be oriented with a
15

preferred set of crystal planes parallel to the

. substrate surfacg plane. Several Cr textures are

suitable to grow Co with its magnetic easy axis in or

. near, the film plane. For ~example, K. Hono, B. Wong,

and D.E. Laughlin, "Crystallography of Co/Cr bilayer

‘magnetic thin films", Journal of Applied Physics 68 (9)
Lp. 4734 (1990) descrlbe bee Cr underlayers that promote

'ibpgraln to-grain epitaxial growth of hep Co alloy thin

25

films dep051ted on these underlayers and the
orientation of the Co alloy [0002] c-axis, and, hence,
the magnetic easy axis, is directly related to the
crystallographic texture of the Cr alloy underlayer.

" The most common of these texture relationships between

the Cr alloy and the Co alloy are summarized as:

-quad-Crystal: Co(1011)[1210] || cr(110) [110] or
Co(ioﬁ) {12101 |] cx(110) [110]

b’i-c;yétai',- .:'_'_c;-,_'(ué'o) [0001] || cr(0o02) [110] or
ERR ...c'o(-nz'o) [0001] || cr(002)[110]

"~ uni-Crystal: Co(1010) [0001] ]| cx(112) [1T0]
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While the Cr (001) (bi-crystal) and Cr (112) (uni-
crystal) textures induce the Co alloy c-axis, [00021,
into the film plane, the most easily formed Cr (110)

texture results in the c-axis being inclined at *28
degrees with respect to the surface. Hence, a lower
coercivity results from the Co grown on the (110) Cr
texture as the c-axes are not parallel to the recording
'plane. Also there are multiple directions that the Co
‘c-axes can be placed upon the Cr (002) and the Cr (110)
textures. Hence, upon a sihgle (002) textured Cr grain
2 possible c-axis orientations can grow (bi-crystal)

| ~while upon a single (110) textured Cr grain 4 possible
“c-axis ‘orientations of Cr can grow (quad-crystal). If
15

these variants do coexist on single Cr alloy grains,
the bi-crystals and quad-crystals then can never have -

%311 of the c-axes ‘simultaneously’ parallel to the
'=app11ed field and the coercivities of the grains will

e decreased ' On .the other hand, the very uncommon

_;;¥un1 crystal Co(lOlO)//Cr(llz) texture relationship only
_Eallows a 51ngle orientation upon a Cr grain and results

in a hlgher coerc1v1ty whether the Cr grains are

. randomly oriented in the film plane or oriented

parallel to the recording field direction.
At room temperature, or if a negative voltage blas

'1s applled to the substrate during sputter deposition,

it has been experimentally found that the Cr(110)
texture tends to develop and assuming a reasonable

- lattice match exist between the Cr alloy and the Co

alloy crystals the quad-crystal hcp Co tends to grow.

_!#Likewise, it has also been found that when the Cr is
'ﬂmdep031ted at elevated temperatures a limited degree of

-_*,Cr(ooz) is observed by x-ray diffraction and to a

35

'deg;ee'the Co bi-crystal tends to grow. However, in
each of these cases there is considerable dispersion
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and variation in the texture of the Cr and in the
resulting orientation of these magnetic easy axes of
. the Co magnetic layers. The desirable Cr (112)
texture, which is required to obtain the uni-crystal,
5 is not often seen except when Cr is made unsuitably
thick for media and at which point the Cr crystallites
are growing in all directions and the film is usually

K

showing multiple textures similar to a polycrystalline

. powder.

0. Applicants have previously found that well
textured Cr layers having a (002) orientation can be
produced using a polycrystalline MgO seed layer as
described in U.S. Serial No. 68/553,893, which is

.. - incorporated herein by reference. 1In addition, .

15 Applicants have also shown that Cr (112) can be
produced if the Cr is epitaxially grown on a (112)
oriented Bz.body centered cubic derivative material,
such as NiAl and FeAl, as described in U.S. Serial No.
'08/315,096, which is incorporated herein by reference.

200 It . is also noted thathakémura et al. have produced

.1;3(002)'and:(112).Cr during crystal studies on single
., crystal MgO, NaCl structure (Jpn. J. Applied Physics,
Vol. 32, part 2, No, 10A, L1410 (October, 1993) and
Jpn. J. Appl. Phys. Vol. 34(1995) pp. 2307-2311).
25 . Additional improvements in the structure of the
- magnetic layer have been found by incorporating
3 intermediate layers between the underlayer and the
magnetic layer. Also, seed layers can be incorporated
between the underlayer and the substrate to provide

30 "additional control of the structure of the underlayer,

-control the roughness of the films, and to prevent
_ '1¢9ptamination of the underlayer by the substrate
~ﬁ;ébntaminants, The multiple seed layers, multiple
. Liundgrlayers, and intermediate layers are collectively

35" referred to herein as the underlayer structure. In
3Qadditibn, multiple magnetic layers that may or may not




WO 99/24973 . ' PCT/US98/23855

10

15

12

be sepafated by a non-ferromagnetic inner layer such as
Cr or Cr alloys are sometimes employed to produce
variations in the magnetic properties of the resulting
film. The magnetic layers and intervening inner layers
are collectively referred to herein as the magnetic
layer structure. The use of multi-layered underlayer
and magnetic layer structures can provide for increased
~control over the grain size, the grain to grain
isolation and epitaxial growth of subsequent layers and
the surface roughness of the magnetic layers. However,
the use of additional layers will alsoc increase the
overall cost and complexity of the manufacturing
process. ' _

- Por perpendicular recording it is desired that the
Co alloy c-axis be perpendicular to the substrate

- plane. This means that the Co alloy has a (0002)

s texture and the [0002] crystal direction is

“#perpendicular to the film plane. It has been found.

20

25

3077

“¥that if Co is grown fairly thick that thls texture

naturally develops as the (0002) plane of atoms are
‘closest packed. However, this is unsuitable for media

“'a@ 'a large dispersion in this orientation results and

the first portion of these films have random or
extremely poor orientation. ' _

Some degree of perbendicular orientation of the Co
c-axis with respect to the film plane has been obtained
by'grain-to-grain quasi-epitaxial growth of the hcp Co

'“‘alloy thin film to an oriented hcp underlayer of (0002)

crystalline texture or a fcc underlayer. Ti and
TigoCrisiey ATE often cited as the best seed layers or
underlayers for this purpose, although other seed
layers, such as Pt, CoO and thick non-magnetic hcp
_Cdcrgﬂg'have been used to induce this structure. See

¥ “COompositional separation of CoCrPt/Cr films for
35
‘"7 perpendicular recording” IEEE Trans. Magn., Vol. 27,

“longitudinal recording and CoCr/Ti films for
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no. 6, part 2, pp. 4718-4720 (1991); and, IEEE Trans.
Magn. Vol. 30, no. 6, pp. 4020-4022 (Nov. 1994). .
The degree of orientation must be exceptionally

m-'good for perpendicular recording as the perpendicular

is5
... used to provide a high permeability magnetic flux

20

i head field patterns have low field gradients because

there is no return path for the field flux. To date
there has been no commercially viable products using
perpendicular thin film recording media that are

_;v_comparable in terms of longitudinal thin film recording
10

products. .

Many attempts have been made to solve the
difficulty of the poor perpendicular head field
gradients by producing media that have a soft magnetic
"keeper" layer,'suchﬂas rermalloy or CoZr alloys,

deposited under the recording media. The soft layer is

return path to sharpen the perpendicular pole-head
field gradients, which sharpens the data transitions in

. .the recorded patterns. However, the soft magnetic
layers add complexity to the media and commonly
-increase the media noise due to their imperfect or lack

f"of ‘quality and the resultlng domain wall motion

25 -

Barkhausen phenomena

'Magnetic recording and playback transducers are
composed of soft magnetic materials such as CoZr, FeN,_,
FeAlN FeTaN,, FeSi alloys, NiFe alloys or FeCo alloys.

. Analogous to the media in order to produce high
- performance transducers it is necessary to control the
_crystallographic orientation, magnetic anisotropy
30. -
a _,magnetostrictive and magnetoelastic properties, and
1#¢10callzed stresses in the material. Without control of

magnitude and orientation, and grain size, as well as,

e these attributes and factors the transducer may have
",unde81rably large hysteretic properties, remain

35

~ magnetized even after the drive signal has been

-f,hremoved, exhibit Barkhausen phenomena or time delayed
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' materlals. For example U.S. Patent No. 4,902,583
# describes the use of CoPt for this purpose. As with

14

noise spikes, or exhibit non-linear response to field
signals.

In order to produce more uniform response in fcc
Ni alloy soft materials, wvacuum deposited seed layers
are sometimes employed to induce the fcc Ni alloy to
have a (111) texture. For materials such as NiFe
alloys the easy magnetic axes lie along the <1l1ll»>
directions so if a (111) texture is induced the easy
axes to lie only 19° from the film plane. The quality
of this orientation plays a significant role in
determining the uniformity of the magnetic spin
rotation or the magnetic domain wall motion in these
layers. '

Likewise, in magnetoresistive or spin valve
sensors it is common to use hard magnetic materials,
very similar to those used in magnetic recording media,

o to prov1de magnetic b1a51ng to the. soft magnetic

20 .

3 o I

35

maghetic media it is desirable to control the texture
quality in order to improve the anisotropy and the '
coercivity of these device elements. 1In order to
improve the performance of magnetic data Storage
transducers there is considerable need to develop
methods, materials and thin f£ilm device structures
which will yield a high degfee of orientation and
unlformlty of the magnetlc film properties.

"As is obvious from the preceding dlscuSSLOns,
there is a contlnulng.need for lighter, smaller and

' better performing and less costly memory devices. In

- order to meet to this need, the underlayers must
~“'exhibit an unusually high degree of crystallographic

‘orientation, which will then result in high degree of
- magnetic oriéntation. These devices must provide
_greéter storage density and higher recording and

" reading quality and efficiency for use in today’s hard
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disk drives, for transducers with other magnetic
storage devices, and other applications.

BRIEF SUMMARY OF THE INVENTION

The present invention is directed to thin films,
magnetic and magneto-optic recording media, transducers
and devices incorporating the films. The thin film
material structures generally include a substrate, an
underlayer structure which includes an underlaYer and
may include one or more additional underlayers, seed
and/or wetting layers, and intermediate layers, and a

_l magnetic layer strpcture,.which includes a magnetic

layer and may include one or more additional magnetic
layers and inner nonmagnetlc layers disposed between
the magnetic layers. _ .

In one aspect, the recording medium includes a

'" materlal such as Co or one or more Co alloys having a

f{}(1010) crystal texture, a substrate, a first underlayer
.having a fcc structure and a (110) crystal texture
C20- .
. recording layer. A second underlayer having a bcc

3estructure and a (112) crystal texture is also disposed

disposed between the substrate and the magnetic

- between the magnetic recording layer and the first
Qnderlayer. In a preferred embodiment, the first and

second underlayers are comprised of Ag and Cr,
respectively, and the substrate is a single crystal Si

sf;sﬁbstrate having a (110) orientation. Also, a
T”.conventlonal substrate having a polycrystalline fce

30

‘_structure seed layer or underlayer, dep031ted on the
'substrate with a (110) crystal texture can be used.

Appllcants have found that by using Si single

“llcrystal substrates multiple material layer structures

_gﬁcan be epltaxlally grown upon the extremely well atomic

35

fordered substrate and upon one another to produce
-;hlghly orlented magnetic crystallites having long range
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atomic order. This high degree of order and single
texture of the films result in magnetic films with
superior orientational properties. This degree of
orientation and uniformity of properties over long

5 distances improves the magnetic properties, such as
~remnance, coercivity, S, and S*,

In particular, it has been found that certain

metals having fcc structures, such as Ag, Cu, Al, and
Au and fcc derivative structures, such L1, and L1,

10 structures, can be epitaxially grown on the.non-

" oxidized Si surfaces. While the one unit cell to one
unit cell lattice match between fcc Ag and A4 (diamond)
Si is quite poor, multiples of the Ag unit cell
'dlstance fit very well on the Si surface. Hence,

15 Dbecause of the very long range order of the single
’crystal surface of the Si epitaxial growth of the Ag
_occurs. Bee structure, such as Cr, or a bee

* kderlvatlve, such as NiAl, FeAl (B2), or FezAl AlNi,Ta,

_ _Alngmb (D03}, AlINi,Ti (DO3 +B2) or L2, structures can

20 be epitaxially grown upon the fcc structure.

o In another aspect, the recording medium includes a

magnetic recording layer comprised of Co-based

- material, such as Co or one or more Co alloys having a

_ (1120) crystal texture, a substrate, a first underlayer
25 having a fcc structure and a (001) crystal texture
disposed between the substrate and the magnetie
recording layer. A second underlayer having a bce
structure and a (001) crystal texture is also disposed
?between the magnetlc recording layer and the first
301:under1ayer In a preferred embodiment, the first and
. second underlayers are comprlsed of Ag and Cr,
";;;respectlvely, and the substrate is a 81ngle crystal Si
:ffeubstrate having a (001) crystal texture or a
o Vconventlonal substrate having a polycrystalline seed
35'_laYer,\such as MgO, having a (001) crystal texture.
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In another aspect, the recording media includes a
magnetic recording layer comprised of Co-based
- material, such as Co or one or more Co alloys having a

(1011) crystal texture, a substrate, a first underlayer )
5 having a fcc structure and a (111) crystal texture
- disposed between the substrate and the magnetic
recording layer. A second underlayer having a bcec
 structure and a (110) crystal texture is also disposed
between the magnetic recording layer and the first
10 underlayer. . In a preferred embodiment, the first and
second underlayers are comprised of Ag and Cr,
respectively, and the substrate is a single crystal Si
substrate having a (111) orientation or a conventional
... substrate having a polycrystalline bcc structure seed
15 layer or underlayer, deposited on the substrate with a
(110).. crystal texture.
In a further aspect, perpendicular-reccrding media
;, and transducers include a hard magnetic layer, such as
a Co-based material, having a (0002) crystal texture
20 . deposited on hcp (0002) template, such as Ti, or a
- compatibly matched fcc (111) structure, such as Cu,
which may be further deposited on a Ag (111) layer. A
Si (111) substrate can used to provide the template for
the growth of the fecec (111) structure or a conventional
25 - substrate having a polycrystalline bcc structure seed
- layer or underlayer, deposzted on the substrate with a
(110) crystal texture.
e In addltlon, the perpendlcular media and
- transducers can be constructed using soft magnetlc
30" ﬁaterlal, such as N1Fe alloys, deposited with a (111)
'~ on one or more fcc (111) structures, preferably Cu
o (111) on Ag (111) ' The oriented soft magnetic layer
... can be’ 1ncorporated 1nto transducers and recordlng
d;fmedla in the presence or absence of hard magnetlc
357wlayers\depend1ng upon the particular appllcatlon.
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Accordingly, the present invention provides for
highly oriented magnetic recording media, transducers
and data storage devices incorporating recording media
and transducers having high coercivity and lower noise
and cost for use in hard disk drives and other
applications. These advantages and others will become
apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages of the present invention can be
better understood by reference to the drawinés in
which: - ' '

Fig. 1 shows a data storage device including a
transducer and a recording medium;

'Figs. 2(a-c) shows thin film material structures

‘of the present inventien;

Fig. 3 shows four crystallographic planes in a

swwhexagonal close packed structure;

Fig. 4 shows three crystallographlc planes in a

ﬁ'face centered cubic structure,
20

' Fig. 5 shows three crystallographic planes in a-
@iaﬁond cubic¢ structure;
Fig. 6 shows four crystallographic planes in a

ﬁ'-body'centered cubic structure;

Fig. 7 shows the orientation and interatomic
spacing relationships between S8i(001), Ag(001), Cr(001)

'and bicrystal CoCrTa(1120) lattlces,

Figs. 8 (a-c) shows(a) XRD spectra of two Ag/HF- 51
fllms,“(b) 81[001] zone axis electron dlffractlon
pattern of a Ag(5004) /HF-8i film, and (c) simulated
Si[OOl] zone axis electron dlffractlon pattern of

o Flgs. 9(a-b) show (a) XRD spectra of two
CoCrTa/Cr/Ag/HF si films, and (b) coercivity dependence
on_the Ag template thickness along Si[110] and Si{100]
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directions of the CoCrTa/Cr films. CoCrTa-and Cr
thicknesses are fixed at 200 and 300A, respectively;
Figs. 10(a-d) shows AFM images of the surfaces of
the Ag/HF-Si films with the Ag thickness at (a)504,
(b)125A, (c)500A, and (d) a plot of Ag surface
roughness vs. Ag film thickness, in which the solid
circle at the thickness of 0A refers to the bare HF-Sij;
Figs. 1ll(a-c) show (a) Cr[00l1l] zone axis electron
diffraction pattern of a CoCxrTa/Cr film grown on a 500A

Ag template, and (b) simulated Co[1120]/Cr[001] zone
axis electron diffraction pattern of bicrystal Co/Cr
bilayer. (c) In-plane angular variation of the magnetic
properties, and (d) in-plane torque curve of a

.. CoCrTa (200 A)/Ccr(300 A)/Ag(500 A)/HF-Si film;

Fig. 12 shows the crystallographic planes for

_31(110), Ag(110), Cr(112), and Co(lOlO),

Flg 13 shows the" relative locations and ‘angles

 between H, M,, and the magnetic easy axis;

Figs. 14 (a-c) show XRD spectra for (a) Ag/sSi, (b)

Cx/Ag/Si, and (c) Co/Cr/Ag/Si films;

Figs. 15(a-d) and (a'-d') show ¢@-scan results and

'stereographlc pro:ectlons for 8i, Ag, Cr, and Co,
 respectively;

Fig. 16 shows the two tw1nn1ng domains of the

- (112) orientation;

Fig. 17 shows a torque curve for the Co(1010)

magnetlc layer;

Figs. 18(a-b) show hysteresis curves for the

5f?ﬁégﬁetlc easy and hard axes, respectively, of the

30 ©

Co(1010) magnetic layer;
' - Fig. 19 shows a torgue curve for the CoCrTa

'f magnetlc 1ayer,
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Figs. 20(a-b) show hysteresis curves for soft and
hard magnetic axes, respectlvely, of the CoCrTa
magnetic layer;

Figs. 21(a-b) show XRD spectra for (a)
CoCrPt/Ti/glass, and (b) CoCrPt/Ti/oxidized Si;

' Fig. 22 shows the crystallographic planes for
§i(111), Ag(111), Ti(0001), and Co(0001);

Figs. 23(a-c) show XRD spectra for (a) CoCrPt (50
nm) /Ti (50 nm) /Ag(12 nm) /HF-Si, (b) CoCrPt (50 nm) /Ti (50
10 nm)/ /HF-Si, and CoCrPt (50 nm)/Ag(12 nm)/HF-Si;

0

Figs. 24(a-d) and (a'-d') show ¢-scan results and
. stereographic projections for Si, Ag, Ti, and Co,
respectively; '
Figs. 25(a-e) and (a'-e') show hysteresis curves
15 for magnetic easy and hard axes, respectively, of
Samples A-E in Table II;

TR, Figs._zs(a-b) show XRD spectra for (a) Co (1000
A) /cu(500 A) /Ag(300 A) /HF- Si (111), and (b) Co (1000
*A) /cu(500 A)/ HF-8i (111);

20 Figs. 27(a-f) show XRD spectra for Samples A-F in
.., Table III; o .
Figs. 28 (a-b) show XRD spectra for (a) Ag(500
A)/glass, and (b) Ag(500 A)/CrMn(500 A)/glass;
Figs. 29(a-b) show XRD spectra for (a) NiFe (500
25 A)/glass, (b) NiFe (500 A)/cu(1000 A)/glass, (b) Cu(1000
- A)/cr(300 A)/glass, and Cu(1000 A)/Ag (1000 A)/Cr(300
-A)/glass; and,
.. Fig. 30 shows the XRD scans of typical Cr films
. of various thlcknesses prepared by RF diode sputtering
30 on to glass substrates.
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DETAILED DESCRIPTION OF THE INVENTION

The material structures of the invention can be
embodied in recording media and transducers used to

" record and read data on the recording media. The

recording media can be used in rotating, translating,
or stationary data storage devices, such as a rigid
magnetic hard disc incorporated into a disc drive of a
computer (not shown) . |

Typically, data storage devices 8 include a
recording medium 10 and a transducer 11 in a head, or
slider, that is either stationary or supported on a

‘movable arm in a suspension assembly used for moving

the head over the surface of the medium 10, as shown in

.+ “Fig. 1. The transducer 11 is maintained in a closely

spaced, parallel rélationship relative to the surface

#!7 of the medium 10 during normal operation. A typical

distance between the head and the medium is 10 pin or

. less. See, Mee, C.D. and Daniel, E.D., MAGNETIC
. RECORDING, Vols. I - III (McGraw-Hill pub. 1987); F.

_26'¢Dbrgenson, The Complete Handbook of Magnetic Recording,

" 'Chapter 16 (3rd. ed. 1988), and U.S. Patent No.

25

E"".""'5",062,.021,'the relevant disclosures of which are

incorporated herein by reference.
In more fully describing the present invention,
the material structure of the recording medium 10 and

" transducer 11 will have the nomenclature described
" below. Referring to Fig. 2(a), the material structure

in the recording'medium 10 and transducer 11 of the

i present invention is comprised of a substrate 12, an

30
'+ structure might include a plurality of underlayers

uﬁderlayer 14, and a magnetic layer 16. The material

4  and/or magnetic layers that define an underlayer

35ﬂ#

* structure and magnetic layer structure, respectively.
- "As-“shown in Fig. 2(b), the underlayer structure may
‘also include a seed layer and/or a wetting layer 18
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disposed on the substrate 12 or elsewhere within the
underlayer structure, additional underlayers 20 and an
intermediate layer 22 disposed on the underlayer 14
adjacent to the magnetic layer structure. The magnetic
layer 16 may be covered with an overlayer structure
including an overlayer 24 followed by an overcoat 26
and an organic lubricant 28. The wetting layer 18 can
be an amorphous material or a film too thin to have
developed a crystalline structure, or a film whose
texture provides a gross lattice mismatch for the
ensuing layer;
In another embodiment, shown in Fig. 2(c¢), the
. magnetic layer structure may include additional
.magnetic layers, 16' and 16", that may be separated by
.ﬁmone_or”more inner layers 30. In perpendicular
srecording applicationms, the additional magnetic layers

.~ 16' and 16" may be soft magnetic keeper layers

20

25

gﬁsurréunding the magnetic layer 16 which may a

. emagnetically hard material. In transducer

.Hiapplicatiohs, the magnetic layer 16 in Fig. 2(a) may be
a magnetically hard or soft material depending on the
function of the layer in the transducer 11 being used
‘to read or record data on the medium 10.

s Generally, the substrate 12 is formed of a
‘nonmagnetic material, such as glass, silicon or an
aluminum alloy coated with NiP, glass ceramic, ceramic,

. ... or SiC. However, in the present invention it may be

30

35

.desirable to use a single crystal having a preferred
... crystal orientation or texture, such as Si, depending
;¢;ﬁPQH the desired characteristics in the medium 10.
.~ . PFor longitudinal media, the magnetic layers, 16,
16§L.and i6'', are deposited with the'longitudinal
5Tﬂmagnétic_easy axis thereof substantially parallel to
';gthe pléne of such magnetic layer. The magnetically
.hard materials used in the magnetic layers 16 of the
presenf invention are preferably a Co or Co alloy f£ilm,

-
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such as CoCr, CoSm, CoPr, CoP, CoNi, CoPt, CoNiCr,
CoNiZr, CoPtNi, CoCrTa, CoCrPt, CoCrP, CoCrTaSi,
CoCrPtSi, CoCrPtB, CoCrPtTa, CoCrPtTaB, CoCrPtTaNb or
.other known Co alloy magnetic films. For longitudinal
S recording media application the magnetic layers 16 are
~ each about 2.5 - 60 nm (25 - 600 A) thick. The
magnetic layers 16 may also include soft magnetic
. materials, such NiFe alloys, particularly in
perpendicular recording applications as further

10 discussed within. o : -

The wetting and/or seed layer 18 can be disposed
between various layers in the medium 10 to either

. destroy the.texture of the prior film or to provide a

different texture upon which subsequent layer will be

15 . epitaxially grown depending upon whether a wetting or
seed layer is used, respectively. The underlayers 14

- ‘and 20 are generally comprised of a material suitable
for producing epitaxial Qtowth of the magnetic layer 16
-.,as8.will be discussed fu:therfbelow. : |

203@ . .The overlayer 24 may be provided adjacent to and
preferably in contact with the magnetic layer 16 or
16”. The overlayer 24 is preferably 1 - 10 nm (10-100

. .A) thick and may be made of W, Ta, Zr, Ti, Y, Pt, Cr,
Mn, Mn alloy or any combination thereof.

25 The overcoat 26 may be provided external to the
overlayer 24, so that the overlayer 24 is positioned
between the magnetic layer 16 or 16" and the overcoat

-;24 as shown in Figs. 1(b) and (c). The overcoat 26
. ... provides a mechanical wear layer and is 2.5 - '30 nm
3Q$§(25 =300 A) thick. It is preferably made of a ceramic

- materlal or dlamond like carbon, such as Sio,, SiC, CH,

_or CN (where X < 1), ZrO,, or C. The organlc lubricant

28 mey be dlsposed on the overcoat 26. The lubrlcant

 f;n28 is 1 nm to 10 nm (10 to 100 A) thick and is

"%ipreferably a fluoro-chlorocarbon or a perfluoroether.
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Examples include CCl,FCC1F,, CF,(CF,),CF;, CF,(CF,)CF,,
CF, (CF,),,CF,, and CF, (CF,),CF,.

Co-based alloy polycrystalline thih film magnetic
layers having a random magnetic orientation in the film
plane formed on Cr-based underlayers are currently the
most popular structures for thin-film longitudinal
recording media. These structures have a sufficiently
high coercivity to meet the current industry recording

' density demands. An important parameter for assessing

the achievable coercivity of a material is the

- anigotropy field constant Hi, which is defined as

2K1 /Mg, where K; is the uniaxial anisotropy constant and
Mg is the saturation magnetization, both of which are

~ intrinsic material properties.

In an ideal non-oriented polycrystalline Co thin

‘- £ilm consisting of isolated, non-interacting single
“ﬁﬂbmain grains with a in-plane 2D random easy axis

istribution, the highest coercivity, H., that can

 ;conceptua11y be realized, as determined by the Stoner-
20"

Wohlfarth model of rotation magnetization, is 0.51 Hg.

'However, if the single domain grains are randomly

‘%’ oriented in 3 dimensions the maximum achievable

’fcoerc1v1ty is considerably less than 0.51 H;. Current
. ~industry efforts are being devoted to trying to
25 i
" ‘polycrystalline Co films.

approach this ideal H; for two dimensional random

While polycrystalllne Co structures having a

random in the plane orientation have proven suitable by

. jtoday s standard, the maximum coercivity achievable

307

‘with these structures will soon render them unsuitable

'”_td meet the ever-increasing areal recording density

'fdémandS‘bf industry and consumers. Therefore, it is

' 'neécessary to envision the increased coercivities

”jrequlred for future high density recording and move

35-?beybnd the current industry efforts. to develop a more

-
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thorough understanding of the magnetocrystalline
anisotropy of magnetic materials, and especially Co-
based materials. For example, in a magnetic material
having a single uniaxial magnetic easy axis
orientation, such as in perpendicular media, the H, can

conceptually reach 1.0 Hg, which means the potential

achievable coercivities of magnetic media can be
doubled. o _
| ~ In furtherance of this development, Applicanté
have found that materials having a hexagonal close

packed ("hcp") structure can be grown with a (1120)
crystal texture (Fig. 3) on a first underlayer having a
face centered cubic structure and a (001) crystal
texture (Fig. 4) and compatible atomic lattice
spacings. As used and further explained herein, a
¢compatible. atomic lattice structure represents

" gtructures having atomic’ Spacings along the various
“crystalline directions that are comparable or differ by
- integer multiples to allow either one to one unit cell

alignment or alignment over a repeatable mesh of unit

One skilled in the art will appreciate that the

- face centered cubic structure shown in Fig. 4

encompasses pure elements having a fcc structure, as
well as solid solutions of those pure elements and

- alloys having derivative structures, such as Ll, and

Ll,, that have a unit cell analogous to the fcc unit
cell. As such, the use of the terms "fcc" and "fcc

:.st;ucture" herein should be understood to include those

compositions that have a face centered cubic structure
or face centered cubic derivative structure, unless

 ffothe;wise stated. Other compositions have different

'-¥ghunitjcell structures that are based on the fcc Bravais
’.lattice, such as diamond (Fig. 5) and NaCl. While

35.. these compositions are not fcc structures, the
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compositions are said to have a Bravais lattice that is
fce and reference to these structures will be made in
terms of the fcc Bravais lattice compositions.

In the present invention, Ag or an Ag alloy is
generally preferred as the fcc structured underlayer,
but other suitable material having a fcc structure
include Ag, Cu, Al, Au and solid solution and alloy
combinations thereof. One will also appreciate that
the precise choice of the fcc structure underlayer
material depends upon the desired composition and
orientation of the magnetic layer as will become

~further evident within.

- In addition, the first underlayer, which has a
face centered cubic crystal structure and a (001)
orientation, can be used to induce epitaxial growth of
a second underlayer a body centered cubic structure

. {Fig. 6) and a (001) crystal texture and a compatible

,ﬁqggyomic spacing, which, in turn, can induce the growth

“i%of-a material having a hep structure in a (1120)

20

25

crystal orientation.

One will further appreciate that the body centered
"cubic structure shown in Fig. 6 encompasses pure
elements having a bcc structure, as well as solid

solutions of those pure elements and alloys having
~derivative structures, such as B2, DO3 and L2,, that

" have a unit cell analogous to the becc unit cell. As
‘such, the use of the téerm "bece structure" and "bee"
herein should be understood to include those

7" compositions that have a body centered cubic structure
307

or ‘a body centered cubic derivative structure.
77 Suitable underlayer materials having a bcc

'JQEEﬁéture include Cr, and Cr alloys having an A2

ﬁst%ﬁétﬁrejdéuch as CrV, CrTi, CrMo, CrW, and CrMn and

; co . B2iordered structure materials, such as NiAl and FeAl.
g

Other phases having a B2-ordered structure and lattice
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constants that are comparable to that of NiAl (a =
0.2887 nm), FeAl (a = 0.291 nm) and Cr (a = 0.2884 nm)
are also considered to be good candidates, for the bcc
underlayer of the present invention. The materials are
5 AlCo (a = 0.286 nm), FeTi (a = 0.298 nm), CoFe (a =
0.285 nm), CoTi (a = 0.299 nm), CoHf (a 0.316 nm),
CoZr (a = 0.319 nm), NiTi (a = 0.301 nm), CuBe (a =
0.270 nm), CuZn (a = 0.295 nm), AlMn (a = 0.297 nm),
AlRe (a = 0.288 nm), AgMg (a = 0.328 nm), Al,FeMn, (a =
10 - 0.296 nm), Fe,Al, AlNi,Ta, AlNi,Nb, AINi,Ti and
' combinations thereof. The underlayers may also be
comprised of two or more layers of different materials
within the foregoing list. Various combinations of
‘material can be used to produce the multiple layers,
lswlwhereln each layer is one of the aforementioned

1

underlayer materlals as dlscussed above.

In the case of Co-based alloys, the (1120) texture
has a bicrystal microstructure, in which magnetic easy
~axes (i.e., c axes, or [0001] directions) of two
20 crystallographically orthogonal variants of Co grains

'flle along either the [110] or [110] directions of the

siunderlayers If the volume fractions of the two

hvarlants are equal a four-fold symmetry is expected in
the in-plane angular dependence of the magnetic

25 properties and torque curves. Two effective easy axes

. emerge along the [100] and [010] directions yielding

'--higher values of coercivity (Hg), remanence squareness

(S), and coerc1v1ty squareness (8*), while.the [110]

:L;and [110] dlrectlons become effectlve hard axes with
30 ?iower He, S and S*.

f L In partlcular, Applicants have found that a fcc Ag
'.Eﬁunderlayer in a (001) crystal orientation will induce

- ;;thg growth of a hcp Co-based magnetic recording layer
“;di?QCtlyv or a bce Cr underlayer'haVing a (001) crystal
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at will further induce a hcp Co-based

ding layer to grow with a (1120) crystal
The crystallographic structures and

nts of the layers are: Ag (fcc, a =

c, a = 2.883), and Co (hcp, a = 2.5074, ¢
a = 3.544). The unit cell of the Co

xially grow with a (1120) texture when

- deposited using the Ag (001) underlayer texture as a
template, because the atomic spacings of Ag (001) and

10 Co (1120) are
" ‘structure are

compatible and the atoms in each

similarly located in the respective

crystal planes.

In contrast, the lattice comnstants for the unit

cell of Cr do

not match well with the lattice constants

15 for Ag. However, when the Cr is in the (001)
- :4.orientation the unit cell can be rotated and the

::iagonal latti

ce dimension of the Cr (001) face is

474,08, which matches extremely well with the lattice
- constants of Ag. As such, the (001) Cr tends to
20 epitaxially grow in a rotated (001) orientation when

'.Vdep051ted using the Ag (001) orlented structure as a

template leew;se,_the unlt cell of the Co tends to

‘epitaxially grow in a (1120) orientation when deposited

. using the rotated Cr (001) oriented structure as a

25 - template. It

should be noted that the Co unit cell

.:::.will be rotated from the Cr unit cell and aligned with
.the-Ag unit cell. '

One skill

ed in the art will apprec1ate that the

Hflattlce spacings of the Ag, Cr, and Co layers can be
3O “varled by forming solid solutions or alloys. For

h'based layer.

‘example, cr is often used in a solid solution with Co
to decrease the magnetlzatlon of the Co layer and to
'prov1de for better separation of the grains 1n the Co-

Also, Ta and Pt are often alloyed with Co

Fl
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to form Co alloy magnetic layers that have larger
atomic lattice spacings than pure Co. Similarly, V can
be added to Cr to vary the atomic lattice spacing of
the Cr/V solid solution.

Applicants have also found that nearly ideal
crystal of fcc (001) oriented Ag layers can be grown on
diamond structure (001) oriented Si single crystal
wafers. The near ideal crystal (001) oriented fcc
structure of the Ag is present despite a mismatch in

‘the atomic lattice spacings and unit cell structures Ag
-and 8i. The misfit between the lattice constants of Ag

(fcc, a = 4.09A) and Si (diamond cubic, a = 5.433) is
-24.7%. However, a 4x4 mesh of Ag unit cells
gecmetrically aligns with a 3x3 mesh of Si unit cells,
with a mismatch of only 0.4%. The use of Si substrates

.ﬁis:of intexest because the wafers are readily available
- and inexpensive, which makes the wafer ideal for use as
'a_eubstrate material for magnetic media applications.

Tests were performed in whlch Ag, Cr, and

:7ffdep051ted sequentlally by rf diode sputtering in a

Leybold-Heraeus Z- 400 sputtering system on a Si(001)
gingle crystal wafer. The lattice mismatch at each of

- these interfaces can be calculated from the interatomic
25"

spacings.shownﬁ Cr to Ag = -0.2%, Cog4CriizTaz to Cr =
7.8% (perpendicular to the Co c axis) and 2.0% (along

. the Co c axis). Based on the preceding discussion, the

ekpected orientation is the (1120) bicrystal CoCxTa on

.”ﬂwc:(9°1)[1001 || 2ag(001) [110], as shown in Fig. 7, in

“which the 8i[110) and 8i[110] become the directions of
: the: effective hard axes, and S8i[100] and Si[010] the
-effective easy axes.

The Si substrate was etched in hydrofluorlc acid

prior to deposition of the films to strip away the SiO2

film typically covering the substrate surface and to
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present a hydrogen-terminated surface without
reconstruction as discussed by D. B. Fenner, D. K.
Biegelson, and R. D. Bringans, J. Appl. Phys. 66,
419(1989). Specifically, the Si(001) wafers were
prepared by first ultrasonically cleaned in organic
solvents and rinsed in deionized water. The clean
wafers were then immersed in 49% HF for three minutes
to remove the native Si0O; and obtain a hydrogen-

' terminated surface and then were blown dry with Ny gas.
‘-Altgrnatively, the SiC5 film may be removed by
~annealing, boiling in a vacuum,_or by other
- conventional methods, such as described by P. Xu, P.

Miller, and J. Silcox, Mater. Res. Soc. Symp. Proc.

202, 19 (1991), for depositing (001) oriented Ag on a
(001) oriented Si layer.

The HF-etched Si wafer was then placed into the

'“*i;sPuttering'system,'and heated to about 250°C under-

wacuum prior to dep051tlon. The base pressure was

”.'fabout 5x107 Tbrr. The Ar sputterlng gas pressure was
P

flxed at 10 mTorr and the sputtering power den91ty was

about 2 3 W/cmz No bias was applled during the Ag or

-g_.Cr depos1t10n, but a substrate bias of -170V was
.. applied during the depos1tlon of CoCrTa films,

25.

according to the procedure described by ¥. Deng, D. N.

. Lambeth, X. Sui, L.-L. Lee, and D. E. _Laughlin, J.
Appl. Phys. 73, 5557(1993).

The microstructure of the films were investigated

:by a Rigaku x-ray dlffractometer with a Cu Ka
“‘radiation and a Philips EM420T transmission electron
‘microscope. The x-ray diffractometer scans were all
fﬁtaken on a Rigaku Theta/ Theta Diffractometer operating

IEffat 35 kV and 20 ma with the Cu K alpha radiation from a

) target vacuum tube. The scans were taken in 0.05

..gmidegree steps, at two seconds per step. A series of

slits were used to insure a parallel beam: the
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divergence and scatter slits used were one degree, and
the receiving slit was 0.3 mm. A curved graphite
monochrometer was used (radius of curvature: 224 mm)
diffracting from the (0002) planes. A Nal
scintillation detector operating at 760 Volt bias with
the pulse height analyzer settings of 54 Volts for the

. baseline and 102 Volts for the window. The cross

section of the x-ray beam is approximately 32 mm®’. This

procedure will be referred to herein as the thin film

XRD method.

The surfaces of the Ag thln films were examined
with a Dimension 3000 atomic force microscope (AFM).
The magnetic measurements were performed on a Digital
Measurement Systems vibrating sample/torque
magnetometer.

The x-ray diffraction (XRD) spectra for two

. representa-tive Ag/HF-Si(001) samples are shown 1n'Fig.

8(a). -Only strong (002) diffraction peaks are observed

..for the Ag films. The epitaxy implied in the XRD
..epectra is confirmed in the Si[001] zone axis electron

diffraction pattern (Fig. 8(b)), which agrees well with

._the simulated pattern shown in Fig. 8(c). The complex
_yet regular distribution of the low intensity double

ﬂlffractlon spots in Fig. 8(b) is most likely due to

‘the nearly 25% lattice misfit between the Ag and Si

overlapplng bilayer structure with a fixed orlentatlon

.relatlonshlp. X-ray diffraction also shows that,

throughout the thickness range of 50-1500A being
studled Ag films only exh1b1t strong (002) peaks,

_ _1ead1ng to the belief that a good epitaxy with the
1,;%81(001) ‘is established in very thin films and continues
- as the films grow thlcker.

The growth of Ag on 81(001) was proposed by Xu et
al. to be in the Stranski- -Krastanov, or the layer- plus-
island mode, in which after the initial formation of
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one or several 2D monolayers, the 3D growth of islands
begins; or, Ag isiands nucleate at specific sites on an
imperfect Si surface, then grow in size as additional
material is deposited until the islands meet. As shown
5 in Fig. 9(a), a surface topograph of a 50A Ag film
clearly displays an island structure. The fact that
the Ag film is discontinuous at these small thiqknessés
is most probably due to an incomplete removal of the
- 8i0,. A more complete removal of the oxide would result
10 in a continuous Ag film at thicknesses less than 50 A.
-As the film thickness increases, neighboring islands
begin to coalesce to form a web-like network at 1254,
- as shown in Fig. 9(b). As the Ag film thickness is
increased to 2508 a more continuous-like film forms.
15 PFurther increasing the thickness results in almost
- continuous Ag surfaces which maintain a similar
éiﬁmorphology to that of a 500A film (Fig. 9(c)), except
for a steady expansion in the surface feature size.
<% - The evolution of the Ag surface morphology is also
20: -reflected in Fig. 9(d), which shows the surface root-
- ‘mean-square roughness (Rzms) vs. the film thickness,

e

- dompared to a bare HF-etched Si surface Rymg of about
‘4A. " For the 50 A Ag filﬁ; a Rymg of 57 & is found to
Bglhigher'than the nominal film thickness. The surface

25 roughness inéreaées up to 104 A and becomes smaller as
the film thickness on the 125 A Ag film. When the film

'%'thickness is increased to 250 A, the roughness
decreases dramatically (Rems = 178), coinciding with

" the formation of the continuous Ag layer, and then
30 stays nearly constant as the Ag film thickness is
further increased.

ﬂyw;t{ ﬁCoCrTa/Cr thin films of the same thicknesses grown

”:'op Ag templates of different thicknesses show much

n{.”iégéer Cr(002) and CoCrTa(1120) diffraction peaks than
35 * would normally be obsexrved in the absence of the Ag
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underlayer template. Although good Ag/Si(001) epitaxy
is achieved for all Ag film thicknesses, Fig. 10(a-b),
the CoCrTa films deposited on Ag underlayers having a
sufficient thickness to provide a continuocus Ag
5 template exhibited higher coercivities.
In addition, the surface roughness of a 125A thick

Ag template is larger than that of a 50A Ag film (the
ratio of the Rmms to the £ilm thickness, however, is

smaller), but the connected web-like surface structure
10 seems to enhance the epitaxial growth and the
coercivity of a CoCrTa(200&) /Cr(3004) film when
compared to the island structure. The decrease in
coercivity on very thick Ag templates is also
accompanied by significantly expanded Ag surface
15 ' features. The growth of the Cr films on the Ag
templates with different surface morphologies at
t.'different thicknesses appears to play a role in the
. ; magnetic properties of CoCrTa films. Clearly, by
varying the process conditions, such as substrate
20 cleanliness and roughness, deposition rate, and
~;sﬁbstrate bias and temperature, of the Ag film, the
web-~like structure can be made more or less continuous
résulting in a corresponding variation in the Co/Cr
- textures for differing film thicknesses.
25 Fig. 11(a) shows the Cr[001] zone axis electron
_“ diffraction pattern of a CoCxrTa/Cr film, which agrees
j well_with the simulated pattern in Fig. 11(b). The
'J””beriodic variation of the magnetic properties shown in
. Fig. 11(c) is further evidence of the bicrystal nature
30 of CoCrTa films. Also, a parallel relationship appears
. to exist between the Cr[lOO] and Si[110] directions.
tFurthermore, the periodicity of 90° in the in-plane
Ftorque curve (Fig. 11(d)) not only indicates a
'j“blcrystal structure, but also that the volume fractions
35 of two CoCrTa orientation variants are almost equal.
“  The thickness of the Ag template required to maximize
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coercivity and minimize the surface roughness using the

current process is approximately 500-1000A.
Investigations were continued in an attempt to
produce structures in which Co-based materials would be

5 produced in the hcp structure and in the quad-crystal
orientation,

Co(1011) {12101 |] cr{(110)[110] or [110]. Thus, a
single crystal (110) oriented Si was prepared by the
method previously discussed. Again, because of the
10 long range compatability of the'crystal lattice
spacings in the (110) orientation, the Ag also
epitaxially grows when deposited using the Si (110)
orientation as a template. Cr and Co layers were
sequentially deposited on the Ag (110) oriented layer.
.%5 .. The resulting Cr and Co layers are not

.respectively(110) and (1011), as expected. The Cr
‘epitaxially grows in'a (112) orientation when deposited

‘fusing the (110) orientation of the Ag layer as a
" template., The Co layer then epitaxially grows when
20 - dep051ted using the Cr (112) orientation as a template

"to produce a Co layer hav1ng the uni- crystal (1010)

" orientation.

~ An examination of the crystal orientations of the
- fec (110) Ag layer and the bcc (110) layer reveals as
'25 before that the diagonal lattice face spacing of Cr is

" nearly identical to that of Ag (4.08& to 4.094) and the

1'  diagonal lattice face'spacing of Ag is twice the atomic
.. spacing of Cr (5.76A to 2.888). 1In view of the mesh

‘ 'ﬂfit'bbServed with respect to Si and Ag, it would
'30' therefore be expected that the bec (110) layer would

' .75epitax1ally grow from the fce (110) layer template in a
32 to 1 mesh.

' 1 In addition, in a bece structure the orientation
”;hav1ng the lowest energy state is the (110) because of
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its closely packed atomic configuration. However, in
the bce (110) orientation there is a center atom (Fig.

. 6), whereas in the corresponding (110) fcc orientation

there is no center atom (see Fig. 4). The lack of a
center atom in the (110) fcec is believed to increase
the energy state of the (110) bcc, theieby making it
far less favorable when deposited on (110) Ag.

The atomic structufe of a bcc lattice is such that

... an atomic arrangement similar to the fcc (110)
10

orientation is possible in the (112) plane, -as shown in
Fig. 6. One dimension in the (112) plane is the
diagonal lattice face spacing and the other dimension
is the closest packed distance between a corner atom

'and the center atom in the bcc structure, which is

twice the atomlc radii.
"In (112) orlented Cr, the diagonal face and

‘closest’ packed dlmens1ons are 4. 08A and 2.503,
"respectlvely. Thus, the Cr (112) orientation can also

be lattice matched along the Agl110l ]| Cri111}
direction with the Ag layer in a 7 to 3 mesh within
approximately 1%. The spacings of the atoms in the Cr
(112) texture with the Ag (110) texture is not nearly
as well matched as the Cr (110) unit cell dimensions.

' However, it is believed that the absence of the center
‘atom in the (112) orientation decrease its lattice

energy state at the interface with the (110) fcc
template such that it is less than the (110)
orientation. Therefore, the bcce w111 epitaxially grow

-in the (112) orientation.

As such; it is believed that a bcc (112) or a fcc

f?”k};Q)'eah be used to induce the (1010) texture in a Co-
ff;bé%éd film, if the atomic spacings are compatible. For

_ﬂ@gexample,_(lofo) Co-based material should grow directly
- on the (110) fcc Ag in view of the similarity of the

35

- atomic spacings for (112) Cr and (1010) Co.
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Furthermore, it follows that, since bcc (110) texture
is favorable in polycrystalline films, large lattice
constant bcc(110) films can be used to induce a (110)
texture in fcc films provided atomic spacing
compatibility is designed and provided the becc(110)
atomic spacings are such that a there is no center atom
to induce the fcec(lll) texture. Hence, smaller lattice
constant bcc (112) would then grow upon the fcec(110)
texture. The resulting film layers and textures would
be:

Co_(10I0)/bcc(112)/fcc(110)/bcc(llO)/wetting

Another aspect of the present invention is that a
new recording media design can be developed using the
material structures of the present invention. 2a
controlled or1entatlon recordlng media and transducer
an be produced using a szngle crystal substrate, such
8 Si. The single crystel substrate can be used to

'fepltaxlally grow nearly'ideal underlayers that
bulminate in a magnetlc 1ayer having an orientation of

In one embodlment, a linearly addressed single

..cryetal recording medium can be produced by employing

the techniques described herein to produce a nearly
ideal'(llz) beec layer that will induce epitaxial growth

of the (1010) uni-crystal. The single crystal

-  substrate propagates the eingle crystal structure

through the underlayer structure to the magnetic layer

_ﬁg_structure._ This combined with uni-directional
30"
Tal recordlng medium or transducer in which the magnetic

orientation of the magnetic layer structure results in

“axis of each crystalllte are parallel. The parallel

35

““'alignment of the magnetic easy axes provides a linearly
i*addressable'reco:ding medium that has little or no

signal modulation. In addition, the oriented and
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aligned structure of the linear addressable recording

medium provide the potential for lower media noise and

increased coercivities that can theoretically reach H,.

A number of tests were performed using Co/Cr/Ag/Si

layers to assess the characteristics of (1010) hep

crystal grown from (112) bcc on a (110) fcc structures.

The epitaxial orientation relationship of Co (101

0) [0001] || cr(112) [1010] || Ag(110) [001] ||
8i(110) [001] is shown in Fig. 12. As previously
discussed, 4-to-3 lattice match is achieved at the

Ag/S8i interface having only a small misfit of 0.4% when

Ag and Si have a common crystal orientation. The

" lattice mismatch at the Cr/Ag and Co/Cr interfaces can

be calculated from the interatomic spacings: Cr to Ag

_ —0 2% (along the Ag[OOl] direction) and 13. 5%
T:(1:»er:1:oend:.cu1ar to the Agl[001l] direction) on a one to
:one basis, pure Co to Cr = '-0.5% (along the Co c_ax1s)

% gnd 0.4% (perpendlcular to the Co c-axis). As

20

25

' prev1ously noted, the mismatch of Cr to Ag -

perpendicular to the Ag[001] direction is approximately

1%, when the Cr is meshed with the Ag on a 7 to 3
ratlo, or repeat unlt

The (110) orlented Si s1ngle crystal substrate was

.ﬂprepared and the Ag, Cr, and Co (pure and alloy) thin

films were then deposited sequentially by RF diode

‘sputtering in a Leybold-Heraeus Z-400 sputtering system

as previously discussed.

The epltaxlal orientation relationship of the

ﬁagnetometer.

... layers was 1nvestlgated using 6/0 and ¢-scan XRD with
30
' :fﬁfadiation;_ The magnetic properties and torque curves
quf,the_Co films were measured using the Digital
l@eaeurement Systems vibrating sample/torque

-the Rigaku x-ray diffractometer with a Cu Ko

From the torque curves of a uni-crystal
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Co film, the uniaxial anisotropy constants of the
material can be determined.

When the uni-crystal sample is rotated in a
sufficiently large field H, the torque (T) exerted on
the sample is given by

&
T-—ZZ=-}‘§[K] sm2(9 ?)+K; 31n4(0 ¢)]
(1)

=— (K3 + &) sinz(a—go)-% sind(8 - @) .
At the same time, it can also be computed as
T=-M H sin ¢, : . - (2)

The relative relationship of the vector and
angular quantities used in equation (1) are shown in

- PFig. 13.- The 6/6 XRD spectra for representative Ag,

Cr/Ag, and Co/Cr/Ag fllms grown on HF-Si(110) are shown

-Mln'Flg. 14(a c), respectlvely.” Only strong Ag(220),

ar(llz) and Co(1010) dlffractlon peaks are cbserved in
these spectra, which strongly implies the epitaxial

. nature of these films. The ¢@-scan spectra of the

Co/Cr/Ag/HF-Si sample are shown in Fig. 15, along with

cubic crystal (110), (112), and Co (1010) stereographic

-"projections that are necessary for the interpretation

20

25 P
| - (Pig. 15(b)), which is in good agreement with the

3 0’.- i

‘of the spectra. As expected from the cubic crystal
(110) stereographlc projection, Fig. 15(a’), two
““diffraction peaks that are 180° apart are found in the

8i{004}-pole scan spectrum for the single crystal

- 81(110) substrate (Fig. 15(a)). The two peaks
‘corresponding to the Ag{004} poles are also 180° apart

sz stereographic projection, Fig. 15(b’), and they appear

at the same ¢ positions as the two peaks in Si{004}-
pole spectrum, confirming the parallel relationship
between the Si[001] and Agl[001] directions. The
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_ihterface when Cr starts to grow with two different
“‘atomic configurations that. are mirror images of each
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25
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Cr{110}-pole spectrum (Fig. 15(c)) contains two peaks

~ that are again 180° apart in agreement with the

projection in Fig. 15(c’). The peak locations are
shifted by 90° when compared to the two peaks in

Ag{110}-pole scan, indicating that the Cr[110]
direction is parallel to the Agl00l1] direction.

' The (112) stereographic projection of the crystal
in Fig. 15(c’) only shows one (001) pole. Two

" diffraction peaks, however, are observed in the

Cr{002} pole scan, indicating an extra pole as denoted
by (001)‘ in Fig. 15(c’). This suggests that there.
exist two domains of Cr grains in the Cr(112) film, as
illustrated in Fig. 16 (the crystallographic planes and
directions are all indexed with respect to domain I).
The two domains may emerge from the Cr/Ag epitaxial

other. The two domains may also be a result of the Cr

';Péféﬁth'twinning"” In"bee'metale; the (112) plane is the
_most common twinning plane, and the tw1nn1ng direction

:1s [111],'as shown in Fig. 16. The resulting two

domalns of Cr grains have (112) planes parallel with
the substrate plane, yet the atomic configurations are
mirror images about the plane perpendicular to the
twinning direction.

Also,. good agreement exists between the Co{loio}

pole scan (Fig. 15(d)) and the Co crystal (1010)
ffprojectlon (Pig. 15(d’)). An orientation relationship

_"“fof.c°[0001]|| crlilo] is also determined from the
30

observatlon that two peaks 1n the Co spectrum appear at

' the same p081tlons as those in the Cr spectrum The

tﬁ small peak width 1ndicates the Co grain easy axes

generally have a 51ng1e orientation.
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The torgque curve of the pure Co sample is shown in
Fig. 17. It resembles a skewed sinusoidal curve with a
period of 180°. The anisotropy constants determined
from the curve are smaller than the values reported for
bulk Co single crystals (4.2-4.5 x 10° ergs/cm®’). The ~
amplitude of the torque measurement indicates good
alignment of the Co grain easy axes. However, K; was

found to increase in pure Co films prepared at

increasing substrate_bias, as shown in Table I, which

may indicate the presence of fcc stacking faults in an
otherwise hcp Co crystalline structure. .

_ Hysteresis loops for the samples were measured
with the applied field along either the easy axis

| direction or the hard axis direction (see Figure 18).

For the pure Co films, a square shape loop is observed
alpng_the easy axis with-a coercivity around 200 Oe,

indicating a coercivity mechanism associated with wall
: motlon. The hard axis 1oop shows a curve with

__J:v1rtually zero openness, w1th a remanence squareness S
20 =

0.02. Thls_conf;rms the good easy axis allgnmen;

shown in the @-scan. The hard axis loop falls almost

perfectly on the open circles indicating excellent
:ég:eement with the calculated points using the
‘anisotropy constants determined from the torque'

measurements. _
A uni-crystal Cog4Crq3Tasz/Cr/Ag/HF-Si(110) £ilm was

““also prepared. A substrate bias of -170 V was applied

during the deposition of the CoCrTa film. The

.-..anisotropy constants determined from the torgue curve

- 30

_(see F;gure 19) are also listed in Table I. Hysteresis
;lodps fdr this samplé are shown in Figure 20. For the

ery square easy axis hysteresis loop a coerc1v1ty of

';51080 Oe 1s obtalned while the linear behavior of the

35

‘hard axis loop implies a reduced K,, in agreement with

the torgue analysis.
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Table I
Uniaxial Anisotropy.Constants measured from torque
' curves
Substrate K K2
‘ Bias (V) (105 erg/cm?) (10 erg/cm3)
Co - 0 1.15 0.74
Co -100 1.42 0.89
Co _ -200 1.57 0.83
Co . -300 - 2.22 0.78
 C0,,Crx,,Ta, -170 2.11 0.10
5 ..  The growth of the uni-crystal Co, Cr (112) and Ag

(110) layers is SLmllar to the growth described with

respect to the Ag (001), Cr (001), and Co (1120) layers
described above.  Therefore, a continuous Ag template
“iis desired to maximize coerc1v1ty and minimize the
10’ surface roughness o
- ## additional investigations were conducted into the
- use of (111)" oriented Si as a substrate. The use of Ag
“‘as a fcc template was further tested and it was also
“‘found that (111) oriented Ag could be epitaxially grown
15 “on (111) oriented Si.
D The (111) fcc prov1des a face with a triangular
~atomic structure upon which a subsequent layer can be
epitaxially grown. As shown in Fig. 6, the (111)
*7bfientation of the bcc layer also provide a triangular
20 . atomic structure. However, the bccllayer does not
f?develop a (111) orientation when deposited upon the
 ?3(111) fcc layer, but instead develops a (110)
; crystalllne texture. The (110) bcec face has a
rectangular shaped atomic structure with a center atom.
Kéﬁﬁfeﬁidﬁsly‘discuSsed; the (110) orientation
7f:éﬁré5éﬁts the lowest energy state for the bcc layer.
”?“Tﬁéréfore;”depending upon the relative atomic lattice
‘spacings of the fcc and bee layers, it is more
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energetically favorable for a bcc layer to assume a

- (110) orientation, instead of a (111) orientation.

Because the triangular shape of the (111) fcc texture
has 3 fold symmetxry the <110> directions of the bcc are
symmetrically aligned.

The deposition of Co upon the (110) oriented Cr

results in a Co layer having a (1011), quad-crystal
orientation. The development of the hcp quad-crystal
orientation of the grains on a nearly ideal crystal
provides for a magnetic 1ayér that has the mégnetic
easy axes pointing in four directions with respect to

' the Ag epitaxially grown on the single crystal Si. As a

‘result, this structure has 12 possible easy axis

... directions. In addition, while the demagnetizing

15 .

:figlds of the thin film layer tend to somewhat

cqmpromise the coercivity the fields also tend to bring
the magnetic easy axes into the plane of the film. 1In

-;.this configuration, the magnetic orientation of the
- -medium, while discrete in the twelve possible

20

_directions has limited circumferential variation. As

Q”spch, it is possible to produce longitudinally oriented

25 -

. Co-based magnetic recording media that can be used in

rotating storage device applications, such as hard and

.floppy disk, that should increase the achievable

coercivities over the limited coercivities of the

. .somewhat two dimensionally randomly oriented Co-based

media currently in use.

 Perpendicular recording is a promising candldate

: for future high density magnetic data storage, and Co-

based alloy thin films.are, by far, the most widely

- 8tudied perpendicular media for future hard disks. "The

.. perpendicular c axis orientation of Co grains and high

. .coercivity are two of .the key factors to achieving a

'%Junl ~crystal and low noise recording performance at high

35

densities. Because most perpendicular recording
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transducers have very limited, non-sharp, head field
gradients the recorded transition tends to be non-
sharp. However, if the perpendicular media is
éxtremely highly oriented with wvirtually no dispersion
in the ¢ axes of the Co c¢rystallites, then this can
compensate for the less than ideal record head field
gradients. Therefore, it is desirable to produce a
highly oriented (0002) perpendicular Co layer for use
in perpendicular recording media.

_  The (0002) orientation provides a close packed
atomic surface and is the lowest energy state for the
hep structure. Therefore, Co-based materials tend to

. naturally grow with a weak (0002) texture if there is
-no epitaxial interface to induce a different

orientation (texture) upon the material. Previous
studies have. also attempted to use Ti to induce higher

. Quality (0002) texture in the Co layer. However, as

20

25

30

shown_in the x-ray diffraction patterns for
CoCrPt/Ti/glass and CoCrPt/Ti/oxidized-Si,

' respectively, (Figs. 21(a) and 21(b)), the Ti layer is
~generally not well oriented. Thus, it can be inferred
'_that Ti . is not acting as a seed layer, but essentially

. as.a wetting layer that‘eliminates the influence of the

orientation of the substrate or previously deposited
layer under the Co-based layer.
Also, the deposition of Co-based materials

-directly upon a fcc structure will generally result in

a Co-based material developing a fcc structure and the
_orientation of the prior fcc layer. 1In a (111)
5,orientation, fcc structures are in the lowest energy
.gastéte, therefore, the Co-based layers are likely to

.. ~develop a strong fce (111) crystallographic texture,

ﬂ?ﬁhiéh due to the cubic structure results in a low
' coercivity magnetic film.

Applicants have found that very well oriented

: (0002) Co-based layers can be epitaxially grown using
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"'structures analogous to the growth of the fcc Co layer.

35

44

{(111) fcc as a template through the use of an
intermediate hcp template. ' Specifically, if Ti is
deposited on (111) Ag, the Ti will assume a (0002)
orientation which has a similar atomic face lattice to
the fcc (111) orientation, as shown in Fig. 22. The
(0002) orientation of Ti significantly improves the Co-
based layer to grow epitaxially in a (0002) orientation
to produce a recording media having a nearly ideal
perpendicularly oriented recording layer. A comparison
of the lattice constants of Ti (a=2.9512, c=4.6845) and
Co (a=2.507, c=4.070) reveal a mismatch between the

- lattices; however, the long range orientation of the Ag

" and resulting Ti layers provides for the alignment of a

6x6 mesh of Co unit cells with a 5x5 mesh of Ti unit
cells.
One skilled in ‘the art will note that the

_fpartlcular comp051t10ns used in the fcc and hep

;template layers will necessarlly depend upon the

' ;lattlce spacing of the desired magnetic layer. For

' %0-té$ample; the hcp template layer must have a lattice

‘spacing that is compatible with the fcc layer and

”shquld_not have a stable fcc phase in the range of

" deposition temperatures and processing conditions. For

. example, when different Co alloys are used in the

magnetic layer, different composition can be used as
the hep template underlayer to vary the lattice_size of
the hcp template. |

: The nearly ideal (111) fcc template can also be
used to induce the epitaxial growth of other fcc

Specifically, soft magnetic materials, such as Ni and

' NiFe:permalloys, can be epitaxially grown on the fcc

' template. 'In these fcc structures, the magnetic easy

”éxes lie near the (111) plane; therefore, the soft

magnetic layer will provide a close to in-plane return

- path for the magnetic field generated perpendicular to
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the layer during perpendicular recording. The soft
magnetic materials can propagate the (111) orientation
for the (0002) hcp template and (0002) hcp Co-based
layers.

In addition, a (0002) Co-based layer provides a
template that will further induce soft magnetic
materials to grow epitaxially in a (111) orientation to

- form a thin top keeper layer for the perpendicular

media. It is noted that the keeper layer will also
have the magnetically easy axes predominateiy in the
plane of the layers. .

A number of tests were performed to assess the

_characterlstlcs of the (0002) Co-based magnetic layers.

Ibehsl was prepared and Ag, Ti, and CogaCrz0Ptiz2 thin

.films deposited in the manner previously discussed. As

studied with both the 0/0 and ¢@-scan method on a Rigaku

xX-ray dlffractometer using Cu Ko radiation. The
magnetlc propertles of the CoCrPt films were measured
using a Digital Measurement Systems vibrating sample

~magnetometer. The Cr and Pt content in the Co-alloy
effectively decreases the saturation magnetization so
" that it is more appropriate for perpendicular

.'T"recording. (i.e. Ru > 2aMs?)

25

30

The x-ray'diffraction spectra for a representative

CoCrPt (50nm) /Ti (50nm) /Ag (12nm) film grown on HF- 81(111)
-¢Lare shown in Fig. 23(a). Only those peaks
.;correspondlng to CoCrPt (0002), Ti(0002), and Ag(111)
;planes are observed in these spectra, indicating a good
r:orlentatlon of the films. As a comparlson, :
”QCoCrPt(SOnm)/Tl(SOnm) films were also grown directly on

*“ HF-81(111) without the thin Ag template and the x-ray

}spectrum in Fig. 23(b) shows a good, but weaker

=:T1(0002) peak. The presence of a thin Ag layer
35m;

enhances the epitaxial growth of Ti and this results in
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an enhance CoCrPt (0002) peak. It is noted that the
diffraction peak of Ag(111l) lies at the same angle as
the Ti(0002) peak; however, because a 12 nm Ag film was
used the Ag peak should not have substantially
contributed to the height of the peak. Figure 23 (c)
shows the diffraction peak for CoCrPt/Ag(111l)/HF-
§i(111), which exhibits an extremely strong texture .
that will be fufther considered below.

Fig. 24 shows the ¢@-scan spectra of the
CoCrPt/Ti/Ag/HF-Si sample and samples with fewer

layers, along with cubic crystal (111) and Co (0001)
stereographic projections that are necessary for the

“interpretation of the spectra. As expected from the
" (111) - stereographic projection (Fig. 24(a’)), three

diffraction peaks that are 120° apart are found in the

+8i{220}-pole scan spectrum for the single crystal
%81 (111). substrate (Fig. 24(a)).

The (111) stereographlc projection of cubic

T;hgrystal in Fig. 24(b’) (Ag/HF-Si) only shows three

20

25

. (110) poles. B8ix diffraction peaks, however, are
- observed in the Ag{220}-pole scan, indicating extra
poles as denoted by crosses in Fig. 24(b’). This

suggests that there exist two crystallographic domains
of Ag grains in the Ag(111) film. The two domains most
likely emerge from the Ag/Si epitaxial interface when

N Ag.Starts'to grow with two different atomic

) ébﬁfiguratiOns'that are mirror imagee of each other.
.The two domains may also be a result of the Ag growth

_;:tw1nn1ng. In fcc metals, the (111) plane is the most
30, B

common twinning plane, and the twinning direction is

' ﬁ[112] The resultlng two domalns of Ag grains have

-@;(111) planes parallel with. the substrate plane, yet the
'i'atomlc_cpnflguratlons_are mirror images about the plane
. perpendicular to the twinning direction. The first,

35

:?hird and fifth peaks in the Ag{zzo}-pole_scan spectrum
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appear at the same locations as the three peaks in
S8i{220} scan, confirming the parallel relationship

" between the Si[112] and Ag[112] directions.

Six peaks are observed in the Ti{1011}-pole scan
5 spectrum shown in Fig. 24(c) for the (Ti/Ag/HF-Si)
films, which is in gbod agreement with the
stereographic projection (Fig. 24{(c’)). Also confirmed

-is the parallel relationship between the Ti[1010] and
Ag[112] directions. Good agreement is also found

10 between the CoCrPt{lOil}-pple scan [Fig. 24(d)]
.. (Co/Ti/Ag/HF-8i) and the CO'crystal (0001) projection
[Fig. 24(d’)]. An orientation relationship of

~ CoCrPt [1010] | |Ti[1010] is also determined from the
observation that.the six peaks in.the Co spectrum
15 appear at the same @ positions as those in the Ti
spectrum. - S ' ' :
' The magnetic properties of the CoCrPt/Ti/Ag/HF-
Si(111) sample are compared to those of four other
5§amp1esfas listed in Table II. The coerxcivities (Hcl)
20 were measured with the applied field perpendicular to
‘the film planes. e '
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Table II
HS MSE
Sample Substrate (Oe) s (memu
/cnf)
&) CSCEPE B Ui/ GIass 1928 0TEZ 278
Ti 50nm
T BY T CETEPE SO/ T NG T HF - €€ ¢hEd 2514' 0783 275
| Ti 50nm - -si(111)
- Ty CeCEPE B U/ HEF=-83{IIY) 3550 0798 2.5
Ti 50nm )
(DY CETEPE 501/ HF=BI(IIT) 4580 (409151 275
" Ti 50nm/Ag 12nm , ' '
By CSCTPE B Ui/ HF=STITL) 2T8TTURS YT

Ag 50nm

Pigs. 25(al-el) and (a2-e2) show the

'perpendicular (easy axis) and in-plane(hard axis)
.'ﬁ&steresis loops of samples A-E, respectively. A
:gkewed square loop is observed along the perpendicular

direction due to the demagnetization field. The

'zlppenness and the non-zero coercivity in the hard axis
' .in-plane loop may be due to intergranular interactions

or simply that the maximum app;ied'field intensity is
insufficient to saturate the samples. The curvature of

the hard axis loop is most likely due to the non-zero
value of the anisotropy constant Kz as discussed

earlier with respect to the Co(1010) films.
In Table II, samples A and B are CoCrPt/Ti films

deposited on a glass substrate and a Si(111) wafer
 covered with native oxide, respectively. The XRD
'ispectra of the samples (Figs. 21(a) and 21(b)) do not
. show a Ti crystal texture in either both samples, as
20
f%samples A and B are low, presumably because the Co
'-layer did not epitaxially grow in the (0002)

previously discussed. Also, the coercivities of
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orientation, but slowly developed some (0002) texture
naturally as the films became thicker, which resulted

in dispersion in the c¢ axis orientation. The poorer
orientation is also indicated by the shape of the
hysteresis loops shown in Figs. 25(al-bl)and (a2-b2). :
Higher coercivities and a more ideal shape of the
hysteresis loops were obtained in sample C and D (Figs.

25(c1-d1) and (c2-~d2)), in which the oriented films

were grown on HF-etched 8i(111), which is consistent
10

with the XRD spectra of samples C and D shown in Figs.
As previously discussed, a 12 nm thin Ag layer

~.introduced before the deposition of the Ti layer in
-+ sample D improves the orientation of the Ti and the Co
15 .

alloy. The XRD spectra (Fig. 23(a)) shows that the

- Ti(0002) peak was greatly enhanced when compared to the

spectra of sample C (Fig. 23(b)). The improved

:.,orientation of the Co film_was strongly_visible for

20

30.

samples with the Ag as thin as 10 nm and remained

.effective for all greater thickness. It is believed.
. that- the improved Co (0002) orientation using a Ag
. layer persists below 10 nm thick, and presumably as
:"long as a continuous layer is maintained. However, due
,,to,teét apparatus limitation, the lower limit of this
25. .

range is not more clearly definable.
The hysteresis curves show that the coercivity of

the samples_A.through D increases with the higher

quality bf ofientation of the films. Consistent with
the high degree of orientation, similar coercivity

results were obtained for the thicker Ag layers.

Sample E was prepared by depositing a 50nm CoCrPt

_2?ff11m directly on a 50nm Ag underlayer on HF-Si(111) and
_tested for comparison with the CoCrPt/Ti/Ag/sSi films.
'l@ithe hysteresis curves for Sample E are shown in Figs.

35 ‘-.___'. {.

{?S(el and e2). The XRD spectra (Fig. 23(c)) shows an
‘extremely strong crystal texture for the CoCrPt film.
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However, the coercivity of sample E is low compared
with samples growﬁ on Ti either with or without the Ag
indicating that the Co phase is most likely present as
an fcc structure.

5 Additional testing was performed using a pure Co
target to test the viability of epitaxial growth of

materiale with high 42Ms?’. Highly epitaxial pure Co
films, Co/Ag(11l) /HF-Si(111) were found to grow on the

. Ag film; however, because of the high 4aMs® of pure Co,

10 2zMs® > Ku, the magnetization 1laid in the substrate
plane; The high magnetization may result in the pure
.Co perpendicular films having a large K, value similar
. to those for the longitudinal uni-crystal pure Co films
. discussed earlier. The inclusion of Cr or other
15 magnetic diluent in the Co film may be necessary to
_.;produce layers to be used in magnetic field sensing
;gdévices. If the coercivity is found to be sufficiently
-low magnetic bubble films may even be possible.
: Other fecc tempiates aﬁd underlayers can also be
20 'used to improve the lattice matching of the films. Cu
has an atomic lattice spacing that is compatible with
" the lattlce spacing of Co and to a lesser extent with
‘Ag. A Co(10004)/Cu (500A)/Ag(300A)/8i (111) £ilm was
prepared and tested. As shown in Fig. 26(a), both the
25 Cu (111) and the Co (0002) layer show exceptionally
strong epitaxial growth from the Ag {(111) template. In
‘contrast, the Cu atomic lattice spacing is generally
less compatible with that of the 8i. Thus, a
__Co(lOOOA)/Cu (5008) /8i (111) £ilm does not result in a
- strong texture in elther the Cu or the Co layer, as
Tf?:shown in F1g 26 (b) .
N In magnetlc field transducers such as magnetic

”;record1ng heads and playback magnetoresistive and spin

‘”Yalve heads, it is generally desirable to prepare NiFe
35 “with'a (111) texture to enable very soft magnetic



‘WO 99/24973 i PCT/US98/23855

10

15

20

51

properties. Ideally, permalloys and other soft
magnetic material can be produced in (111) orientation
that wili result in three fold oriented, magnetic easy
(111) axes lying near the substrate plane.

In addition to the beneficial use of oriented soft
magnetic materials for sensor devices, it is believed

~that perpendicular media can be produced with a soft

magnetic underlayer and/or even a soft overlayer
(keepered media). For example:

CoCrPtTa (0002) /Ti (0002) /Ag({111)/

NiFe (111) /Cu(111) /Ag(111) /HF-Si(111) would provide both
an oriented soft magnetic underlayer with a highly

or1ented perpendlcular hard magnetic layer.

Permalloy (N1 79 wt% Fe 21 wt%) films were

'sputter deposited on different underlayers on HF
i cleaned 8i(11ll) substrates using the techniques
. previously described, except that the films were heated

to 260°C prior to deposition. The composition of the

©w.permalloy film are shown below in Table III:

Table III

_ CONFIgUTation
NiFe 50nm/ Si(111)-HF
NiFe 50nm/ Ag 100nm/Si(111) -HF
NiFe 50nm/Cu 10nm/Ag 100nm/Si(111) -HF -
NiFe 50nm/Cu 50nm/Ag 100nm/Si{111) -HF
NiFe 50nm/Cu 100nm/Ag 100nm/Si(111) -HF
~ NiFe 50nm/Cu 100nm/Ag 100nm/Si<100) -HF

"
%
o

MEY AW

‘The XRD spectra for each film is shown in Figs.

27(a-f). As shown in Fig. 27(a), the NiFe develops
R only weak (111) texture when deposited on (111) Si.
25 ;

However,_the deposition of a fcc (111) Ag template

"fﬂunderlayer on the (111) Ssi prior to the deposition of

the permalloy produces strong (111) texture development

?_Fﬂln the NiFe layer, as evidenced by the factor of 20
5e31ncrease in the counts detected during XRD testing.

30

In addltlon, the (111) texture of the NiFe

(Nl(fcc), a=3.524; Pe(fcc), a=3.65A) can be further
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increased through the use of a (111) fcc, such as Cu
(a=3.61A), that has a better lattice match than Ag

(a=4.08A). As shown in Figs. 27(c-e), the Cu
underlayer further increases the (111) texture of the
5 NiFe film.
' Similarly, NiFe(100) has also been deposited on
Cu/Ag/si (100) -HF single crystal template for comparison
 with the NiFe (111) texture. The magnetic properties
have been characterized with BH loop tracer. The in-
10 plane coercivity of samples E and F were determined and
" are shown below:
T Sample  Maximum in-plane Minimum in-plane

Hc ' Hec
E 2.64 0e . I.85 Oe
F 26.5 Oe ©18.6 Oe

' The coercivity of NiFe(11ll) along an easy axis of
rsthe Cu/Ag/Si(111) template is less than 3 Oe, whereas,
15 s#the in-plane coercivity of NiFe(100) film on
""Cu/Ag/Si(100) template is nearly 30 Oe. This indicates
" that the easy axis of this NiFe alloy is in <11l1>
““direction and the. anlsotropy constant K3 of the

material is negative, further demonstrating that very
20 soft magnetic properties can be achieved in these
' highly oriented (111) NiFe films. Furthermore, by
performing this deposition in the presence of an
applied magnetic fleld the cdoercivity w111 be further
‘reduced.
25 " One of the problems that has always existed for
perpendlcular medla with a soft magnetic underlayer is
a ‘media noise assoc¢iated with the soft underlayer. For
“ rad1t10na1 non-oriented NiFe soft films Barkhausen
o .1se as5001ated with the NiFe domain walls being stuck
'_30[_at graln boundaries has been a problem. It is believed
_= that the three fold in-plane orientation that results
 from the epitaxial growth on (111) single crystal Si
may help to reduce this noise source. Likewise, it may
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be possible to put a soft magnetic keeper layer on top
of the Co-alloy, such as
NiFe(lll)/Cu(lll)/Ag(lll)/CoCrPtTa(OOOZ)/Ti(0002)
/Ag(111) /NiFe (111) /Cu(111) /Ag(111) /HF-Si (111).

5 In addition, super-lattice like multilayers of
Co/Pt and Co/Pd prepared on conventional substrates

-

have been investigated for several years. It should be

possible to grow much more oriented films of these

types by using the structures described on the single
10  crystal Si(111) substrates. An underlayer/substrate

. structure such as Ag(11i1)/si(111),

Ti(0002) /Ag(111) /8i(111), or Ti(0002)/8i(111) may be
‘appropriate. It is believed that Al (111) /Ag(11l) /HF-
- 8i(111) films may also be anodized to produce a highly
15 self ordered porous structure into which Co alloys can
«..pbea electroplated to form self- assembled ordered
7 ‘magnetic arrays (SOMA). _
' In another aspect of the inventioﬁ, Applicants
have found that (111) fcc structure can also be
20 produced using a lattice matched (110) bcc structure,
-~ in lieu of the nearly ideal (111) single crysﬁal si.

- -In the absence of the single crystal, the strength of
the (111) texture will depend upon the strength of the
(116) texture. Thus, the Ag (111) can be grown on a

25 (110) textured Cr or CrMn with a strong (111) texture,
which, in turn, can be used to grow strongly textured

(111) NiFe or (110) bee, (0002) or (1011) Co-based
'ijlléyers as previously described. Furthermore, because
o reasonable quality (110) bec textures can be obtained
30 due to the atomic close packed surface structures,
_;fseveral high quallty textures can be obtained upon
‘ ;;these 1ayers.' For example, polycrystalline uni- crystal
LTicobalt can be induced via proper lattice compatibility

'.ﬁ;oﬁ-the Co(lOlO)/bcc(llz)/fcc(llO)/bcc(llO) layers, or

35° even Co(1010)/bcc(112) /bec(110). In particular, (110)
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bcec and bee derivatives with unit cell lattice
parameters of a=5.0 (Ba, BaCa, etc.), a=~3.5 (La, R-Zr)
or a=3.75 (LaZn, LaAg, NdAl,.CeAg) are suitable matches
to a fcc (110) structures, such as Ni, Co, and Cu, and

5 (110) bec structures with a=5.7 (Rb) match reasonably
to Ag(110) to yield:

Co(1010) /Cr(112) [111]/Ag(110) [110] /Rb(110) [100];
Co(1010) /Cr(112) [111] /Ba(110) [100]; and,
_ Co(1010) /Cr(112) [111]/Ni(110) [110]/Ba(210) [100].

10 Figs. 28(a-b) show x-ray diffraction spectra of

various Ag(111) underlayer f£ilms grown on glass
- substrates without and with a (110) CrMn underlayer.
- In Pig. 28(a), the low energy (111) orientation of the

_ ”fcc_structure is the predominant orientation, but the

1s _(ill)_texture is weak and other orientations are also

..observed in the spectra. In contrast, Fig. 28(b) shows
:rthe Ag(11l) texture on the CrMn layer to be strongly
;%developed nearly seven times the intensity of the

,__h_(111) texture without the bece layer.

20 .. .  Figs. 29(a) and (b) show XRD spectra for a NiFe 50
. nm- £ilm deposited dlrectly on a glass substrate and on
'+ a Cu film deposited on a glass substrate at 260°C. As

expected, neither film develops a strong texture and
. for the NiFe/glass film weak peaks are observed for
25 . both the (111) and (200) NiFe orientations. In
contrast, Figs. 29(c-d) show XRD spectra of a
o Cu(lOOnm)/Ag(lOOnm)/Cr(30 nm) /glass and Cu(100nm) /Cx (30
| nm)/glass deposited at room temperature, which exhibit
“f'strong peaks indicative of a stong (111) texture in the

30 films.

o _:l As’ might be expected the strength of the (111)

"fitexture in-the Ag 1ayer on the Cr/glass layers is less
“than on the s;ngle crystal Si (111). However, the use

7 of the lattice matched bcc layer provides for increased

35}”flexi5ility in substrate selection and provides for a
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“ height of the 50 nm thick film to the peak to peak
‘"noise to one can see that the ratio is less than 10.
“Likewise if one takes the signal peaks for the thicker
20

30

855

polycrystalline layer that can be used to induce
extremely strong (111) texture. For example, Co-based

layers that have a quad-crystalline (1011) or (0002)
perpendicular orientation can be produced on a
conventional rotating recording medium, in which the
crystals are random in the plane of the medium and have
quad-crystalline or perpendicular order within the

- crystal.

Fig. 30 shows the XRD scans of typical Cr films
of various thicknesses prepared by RF diode sputtering

~on to glass substrates. The (110) peaks increase

somewhat linearly with £ilm thickness as more of the x-

‘rays are diffracted from the thicker films as oppose to

being transmitted. On the other hand the peak to peak
fluctuations or noise of the background signal is

films and divides by ratio of the film thickness to 50
nm one obtains about the same peak signal to noise
ratio. Hence, we see that for S50 nm films typical

f signal to noise ratios of the x-ray diffraction peaks
' are less than one. 1In general however, these signal to
25

noise ratios may be somewhat improved by processing
with bias at low deposition rates or depositing on

wetting layers. However, these improved peaks are not

nearly as strong as has been exhibit in films of the

' present invention. The deposition of fcc Ag onto (110)
‘Cr and then deposition of Cr onto the Ag results in far

' 'stonger texture as exhibited by the results in Figs. 28

fand”ZQ'Whé:e the texture of Ag is significantly

" improved by the Cr (110) layer.

35

The performance of the highly oriented layers of

‘'the present invention increases with increasing crystal
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texture of the filmas. Therefore, it is preferred that
the films of the present invention have XRD signal to
noise ratios of at least 10 to 1 per 50 nm of film
thickness as determined using the thin f£ilm XRD method
described herein. While the present invention can be
practiced using films having lower signal to noise
ratios, the benefit of the invention will most likely
not be realized to the same extent as for those films

. having higher ratios.

The use of the bece (110) layer to induce the (111)
fcc layer provides for Co-based layers having a strong
(0002) orientation that can be incorporated into

_ conventional magnetic media for use in perpendicular
. ...recording applications employing straight forward
15

underlayer and magnetic structures, such as

.; CoCrPtTa (0002) /Ti (0002) /Ag(111) /Cr(110) /glass). These
LlaYers should be useful in both magneto-optic media and

.'~,7

perpendlcular magnetic media with and without the soft

E; underlayer structures and the keeper media overlayers.
20

. The Cr alloy films with (110) texture are
generally easy to achieve because the (110) texture
surface is the lowest energy, close packed, surface for

Lfthe bee crystal. It has been shown that Cr(110) can be
. prepare by depositing very thick layers, depositing at

room temperature, using low deposition rates, or most
preferably by using substrate bias voltage during

.. sputter deposition.

Those of ordimary skill in the art will appreciate

'.}thgt.a number of modifications and variaticns can be
. made to specific aspects of the method and apparatus of

30.
. Jth'p:esent invention without departing from the scope

_“of the present invention. Such modifications and

 ihvariétiQns'are intended to be covered by the foregoing
.. specification and the following claims.

~ .
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CLAIMS
What is claimed is:
1. A recording medium comprising:
a substrate;

5 a Co or Co alloy film having a (1010) crystal
texture forming a magnetic recording layer;
an underlayef structure having (i) at least one
first underlayer having a face centered cubic structure
and a (110) crystai texture dispoéed between said
10 substrate and said magnetic layer and (ii) at least one
second underlayer having a body centered cubic
structure and a (112) crystal texture disposed between
said first underla&er and said magnetic layer.
2. The recording medium of claim 1 wherein said
15 second underlayer comprlses Cr alloy solid solutions.
3. The recordlng medium of c1a1m 1 wherein said

Esecond underlayer comprlses a material selected from

“the group con51st1ng of B2, DO3, and L2, body centered

ﬁicublc derivative structures.

20" 'f ‘4. ' The recordzng medium of claim 1 whereln said
second underlayer is comprlsed of a material selected
from the group consisting of Cr, Cr alloys and a

:materlal having a B2-ordered structure and a lattice
constant substantially comparable to Cr.

25 o 5. The recording medium of claim 1 wherein said

'r'fseCOnd underlayer is comprised of a material selected
from the group consisting of Cr, CrV, CrMo, CrW, CrTi,

 CrMn, NiAl, AlCo, FeAl, FeTi, CoFe, CoTi, CoHf, CoZr,
o NlTl, CuBe, CuZn, AlMn, AlRe, AgMg, Al. FeMn,, AlNi,Ta,

30" AlleNb 'AINi,Ti, Fe,Al, and combination thereof.

_f”" " 6. The recording medium of claim lwherein said
U First underlayer includeg Ll, and L1, face center cubic
*d'derlvative structures.
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7. The recording medium of claim 1 wherein said
first underlayer is comprised of a material selected
from the group comprising Ag, Au, Cu, Al, and
combinations thereof.

5 8. The recording medium of claim 1 wherein sald
first underlayer is comprised of Ag.

9. The recording medium of claim 1 wherein:
said first underlayer is comprised of Ag;
said second underlayer is comprised of Cr; and,

10 said substrate comprises a Si(110) single crystal.

"' 10. The recording medium of claim 1 further

compriSing a seed layer disposed between said substrate

:and said magnetlc recordlng layer.

- 11. The recording medium of claim 1 further

15 ycompr1s1ng a wetting layer disposed between said
H:substrate and said magnetic recording layer.

""" "7 12. The recording medium of claim 11 wherein said

".substrate is a polycrystalline substrate having said
wettlng layer disposed thereon and further comprlslng a
20. third underlayer hav1ng a body centered cubic structure
'dfand a (110) crystal texture disposed between said
wetting layer and said first underlayer.
. 13. The recordlng medium of claim 1 wherein said
'substrate comprises a non-oxidized Si (110) single
25 crystal.
"'1 14. The recording medium of claim 13 wherein said
J'flrst underlayer is comprised of a material selected
__from the group comprising Ag, Au, Cu, Al, and
icombinations thereof. '

30 .15. The recording medium of claim 1 wherein said
;_Lmagnetlc layer includes a Co alloy selected from the
'ﬂigroup consisting of CoCr, CoSm, CoPr, CoP, CoNi, CoPt,

. CoNiCr, CoNiZr, CoPtNi, CoCrTa, CoCrPt, CoCrP,
'g CoCrTaSz, CoCrPtSi, CoCrPtB, CoCrPtTa, CoCrPtTaB,
35 CoCrPtTaNb, and combinations thereof.
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16. The recording medium of claim 1 wherein said
underlayer structure further comprises an intermediate
layer between said second underlayer and said magnetic

. recording layer.

17. The recording medium of claim 1 further
comprising a second magnetic recording layer comprised
of Co or Co-alloy and an inner layer between said
second flrst and second magnetic recording layers

- 18. ‘The recording medium of claim 1 wherein the
crystal textures of said medium have at least a 10 to 1
XRD signal to noise ratio per 50 nm thickness as
determined by the thin film XRD method.

19, A recording medium comprising:

a substrate,

a. Co or Co alloy fllm having a (1010) crystal
texture forming a magnetlc_recordlng layer;
-an underlayer structure having (i) at least one

first underlayer having a body centered cubic structure
and a (110) crystal texture disposed between said
20
““Jﬁsecond underlayer hav1ng a body centered cubic

substrate and said magnetlc 1ayer and (ii) at least one

';istructure and a (112) crystal texture dlsposed between
: sald flrst underlayer and said magnetic layer.

20. An apparatus for data storage comprlsing:
the recording medium recited in any of claims 1 to

.19; and,

a magnetlc transducer positioned in close
proximity to said medium to record and read data to and

- from said medium.
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21. An apparatus for data storage comprising:
a recording medium comprising,
a substrate,

a Co or Co alloy film having a (1050) crystal
texture forming a magnetic recording layer,

an underlayer structure having (i) at least one
first underlayer having a face centered cubic
structure and a (110) crystal texture disposed
between said substrate and said magnetic layer and
(ii) at least one second underlayer haviné a body
centered cubic structure and a (112) crystal texture
disposed between said first underlayer and said
magnetic layer; and,

a magnetic transducer positioned in close

proximity to said medium to record and read data to and

from said medium.

22. A method of producing a Co or Co'alloy

N
e

V*;méénetiC'layér having a (1010) crystal texture on a

_substrate, said method compr1s1ng.

prov1d1ng an underlayer structure characterized by

_ providing at least one first underlayer having a face
" ‘centered cubic structure and a (110) crystal texture on

25

30

a substrate and growing‘at least one second underlayer
having a body centered cubic structure and a (112)

crystal texture from the first underlayer; and,

depositing a Co or Co alloy magnetic layer on the
second underlayer. ~

23. The method of claim 22 wherein:

said method further comprises providing a

substrate having a (110) crystal texture; and,

'said providing a first underlayer comprises

_'grow1ng a first underlayer having a (110) crystal
" texture on the substrate.
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24. The method of claim 22 wherein:
said method further comprises providing a non-
oxidized single crystal Si substrate having a (110)

'crystal texture;

said providing a first underlayer comprises
growing a first underlayer comprised of Ag having a
(110) crystal texture on the substrate; and,
_ said providing a second underlayer comprises
growing a second underlayer having a (112) crystal
tegture'on the substrate, said second underlayer being

"comprised of Cr, Cr alloys or a material having a B2-

ordered structure and a lattice constant substantially

.. comparable to Cr.

25. A recording medium comprising:
‘a substrate; .
a Co or Co alloy film having a (0002) crystal

'texture forming a magnetic recording layer;

. a flrst underlayer structure having (i) at least

'one fert underlayer having a face centered cubic
8structure and a (111l) crystal texture disposed between
. said substrate and said magnetic layer and (ii) at

1east one second underlayer disposed between said first

;ﬁndexlayer and said magnetic recording layer to induce

the (0002) crystal texture in said magnetic recording
layer. '

26. The recordlng medium of claim 25 further
compr191ng a third underlayer having a body centered

.cubic structure and a (110) crystal texture positioned
. between said first and second underlayers.’

27. The recording medium of claim 25, wherein

»--8ald second underlayer comprises a hexagonal close
gﬁpacked structure and a (0002) crystal texture.

28. The recordlng medium of claim 25 wherein:

:sald first underlayer is comprised of Ag; and,

said substrate comprises a Si(11l1) single crystal.
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29. The recording medium of any of claim 29
wherein:.
sajd second underlayer is comprised of Ti.

30. The recording medium of claim 25, wherein
said second underlayer comprises a face centered cubic
structure having a (111) crystal texture and an atomic
-spacing comparable to said magnetic recording layer.

31. The recording medium of claims 25 to 30,
further comprising a soft magnetic layer and having a

" face centered cubic structure and a (111) crystal

texture disposed between said magnetic récording layer
and said first underlayer.
32. The recording medium of claim 31 wherein said
soft magnetic layer is made of NiFe.
33. The recording medium of claim 25, wherein
said substrate comprises:
e a substrate material selected from the group

"*fconsisting of glass, NiP coated Al, glass ceramic,

“‘ceramic, and 8iC; and,
‘a third underlayer having a body-centered cubic
structure and a ' (110) crystal texture disposed on said

="-f".'subs't:_rai'_«s_- material.

25

30

'35

34. The recording medium of claim 33, wherein
‘said third underlayer is comprised of Cr, Cr alloys or
a material having a B2-ordered structure.

35. The recording medium of claim 25 further

L?COmprising:

~a second underlayer structure disposed between
said magnetic layer and said first underlayer
fstruéture; and,
" -a soft magnetic layer and having a face centered
“cubic striicture and a (111) crystal texture disposed

3fbétWééh said first and said second underlayer

structures.
36. The recording medium of claim 35 wherein said
second underlayer structure has (i) a first underlayer
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having a face centered cubic structure and a (111)
crystal texture and (ii) a second underlayer having a
hexagonal close packed structure and a (0002) crystal
texture; and,

said second underlayer of said first undérlayer

‘structure is a face centered cubic structure having a

(111) crystal texture.
37. The recording medium of claim 36 wherein:

' said soft magnetic layer is comprised of NiFe;

said first underlayer of each of said first and second
underlayer structures is Ag;
said second underlayer of said first underlayer

‘structure is Cu; _
" said second underlayer of said second underlayer

structure is Ti; and,

38. A magneto- opt1c data storage device including

"';the recordlng ‘medium of any one of claims 25 to 37.

39. An apparatus for data storage including the

3 recordlng medium of any one of claims 25 to 37.

40. A transducer compriging:

) a 'substrate; _

" a soft magnetlc layer having face centered cublc
structure and a (111) crystal texture;
a first underlayer having a body centered cubic
structure and a (110) crystal texture dlsposed between
sald substrate and said soft magnetic layer; and,

- a second underlayer having a face centered cubic
structure and a (111) crystal texture disposed between

zcsaid first underlayer and said soft magnetic layer.

41. The transducer of claim 40 wherein:.

_ sald flrst underlayer is comprised of Cr;
" gaid’ ‘second underlayer is comprised of Ag or Cu; and,

said soft magnetic layer is comprised Ni, a NiFe alloy,
a face centered cubic Co or a face centered cubic Co

alloy.
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42. The transducer of claims 40 to 41 wherein
said substrate is a Si(11ll) single crystal.

43. A recording medium comprising:

a substrate;

a Co or Co alloy film having a (1011) or a (1010)
crystal texture forming a magnetic recording layer;

an underlayer structure having (i) at least one
first underlayer having a face centered cubic structure
and a (111) cryetal texture dispogsed between said
substrate and said magnetic recording layer and (ii) at
least one second underlayer having a body centered

‘cubic structure and a (110) crystal texture disposed

between said first underlayer and said magnetlc
recordlng layer.

44. The recording medium of claim 43 wherein said

‘“"substrate ‘is a 8i(111) single crystal.

;zhw 45. The recordlng medium of claim 43 wherein sald

'F;gf{?St underlayer is Ag; said second underlayer is Cr;

20

25

" and seid substrate is a Si(111) single crystal.

46. The recerding medium of claim 43 further
comprising a third underlayer having a polycrystalline

zﬁﬁbody centered cubic structure and a (110) crystal
"texture dlsposed on said substrate.

47. An apparatus for data storage comprising:
_ the recordlng medium recited in any of claims 43
'to4s-and

a magnetic transducer positioned in close'proximity '

. . to said medium to record and read data to and from said

30

‘medium.

- 48. Aurecording medium comprising:
an underlayer structure; and
.Le_magnetic layer structure disposed on the

EI,Jhderlayer structure; and,

35

. a substrate disposed beneath the underlayer
structure, the recordlng medium characterized in that
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the substrate is a single crystal Si having one of a
(111) crystal texture or a (110)'crysta1 texture.
49. The recording medium of claim 48 wherein said
magnetic layer structure is comprised of ordered
5 magnetic arrays.
50. The recording medium recited in claim 48
wherein the substrate is Si (111) and the underlayer
structure is characterized by '
at least one first underlayer having a face
10 centered cubic structure and a (111) crystai texture
disposed between said substrate and said magnetic
layer; and,
at least one second underlayer disposed between
said first underlayer and said magnetic layer
15 métruétu;e. | -
| ''51. The recording medium recited in claim 50
'further comprising a soft magnetic layer disposed
,;bééweeh'said_first and second underlayers.
77" "52.  The recérding medium recited in claim 48
20 wherein the substrate is Si (111) and the underlayer
structure is characterized by '
~++ a first underlayer having a face centered cubic
“structure and a (111) crystal texture disposed between
said substrate and said magnetic layer; and,
25 -, a second underlayer having a body centered cubic
structure and a (110) crystal texture disposed between
'_said first underlayer and said magnetic layer
- .. structure. ' _
.~ 53. The recording medium recited in claim 48
30 . wherein said magnetic layer structure comprises a Co or
_ﬁbﬂgqgglldy_based_material having a (0002) crystal
" temsure. | o
- . 54. The recording medium recited in claim 53
73£uxther comprising a third underlayer comprised of a
35 hexagonal close packed structure having a (0002)
: crystal texture disposed between said second underlayer
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and said magnetic layer structure.
55. The recording medium recited in claim 48
wherein said magnetic layer structure comprises a Co or

Co alloy based material having a (1011) crystal
texture.

56. The recording medium recited in claim 48
wherein the substrate is Si (110) and the underlayer
structure is characterized by

at least one first underlayer having a face

 centered cubic structure and a (110) crystal texture

disposed between said substrate and said magnetic
layer; and,
:' | at least one second underlayer having a body
centered cubic structure and a (112) crystal texture
dlsposed between said first underlayer and said
magnetlc layer structure.

57. ' The’ recording medlum recited in c1a1m 48
whérgin said magnetic layer structure comprises a Co or

'ECQ_alloy based material having a (1010) crystal

texture. .
8. The recording medium recited in claim 48

”whereln the substrate is Si (111) and the underlayer

structure is characterized by

a Co or Co alloy film having a (1011) crystal
texture forming a magnetic recording layer;

a first underlayer having a face centered cubic
structure and a (111) crystal texture disposed between

'sald substrate and said magnetic recording layer; and,

" a second underlayer having a body centered cubic

_structure and a (110) crystal texture disposed between
Tsa;d flrst underlayer and said magnetic recording
zlayer. :

" 59. The recording medium recited in any one of
;1aiﬁs*48 to 58 further comprising a soft magnetic
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60. An apparatus for data storage comprising:

the recording medium recited in any of claims 48-
59, and,

a magnetic transducer positioned in close
proximity to said medium to record and read data to and
from said medium.

61. A transducer comprising:

an underlayer structure;

a magnetic layer structure disposed on the

.underléyer structure; and,

a substrate disposed beneath the underlayer
structure characterized in that the substrate is a

-single crystal Si_having one of a (111) crystalltexture

or a (110) crystal texture.
62. A recording medium comprising:
an underlayer structure; and
a superlattice multilayer magnetic layer structure

.disposed on the underlayer structure; and,

a substrate disposed beneath the underlayer

- structure, the recording medium_characterized in that

the substrate is a single crystal Si having one of a

-~ (111) crystal texture or a (110) crystal texture.

63. The recording medium of claim 62 wherein the
underlayer structure is characterized by (i) at least
one first underlayer having a face centered cubic

- structure and a (111) crystal texture, (ii) at least
~one second underlayer disposed on said first underlayer

and having a face centered cubic structure and a (111)

. ecrystal texture, (iii) a soft magnetic layer disposed
‘on said second underlayer, and (iv) at least one third
- “underlayer disposed on said soft magnetic layer and
”*ipévingfone_of a hexagonal close packed structure with a
' ?(§00§) crystal texture or a face centered cubic

/- structure with a (111) crystal texture.

35

64. The recording medium of claim 63 wherein said
first underlayer is Ag, said second underlayer is Cu,

LT Mﬁ
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said soft magnetic layer is NiFe, said third underlayer
is Ti, a non-magnetic CoCr alloy or Ag, and said
substrate is S8i(111).
65. The recording medium of claim 62 wherein said
5 magnetic layer is selected from the group consisting of
a Co and Pt multilayer, a Co and Pd multilayer and
combinations thereof.




