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\ SHIELDED MAGNETIC TUNNEL JUNCTION MAGNETORESISTIVE READ
HEAD ] \/

Technical Field
This invention relates in generél to rhagnetic tunnel junction (MTJ) devices,
and more particularly to an MTJ device for use as a magnetbreéistive (MR) head for

reading magnetically-recorded data.

Background of the Invention
A magnetic tunnel junction (M:I'J) device is comprised of two ferromagnetic
: layers separated by a thin insulating tunnel barrier layer and is baéed on the
phenomenon of spin-polarized electron tunnel_ing.. One of the ferromagnetic layers
has a higher saturation field in one direction of an applied magnetic field, typlcally
due to its higher coercivity than the other, ferromagnetic layer. The insulating tunnel
barrier Iayer is thin enough that quantum mechanical tunneling occurs between the

ferromagnetic layers. The tunneling phenomenon is electron-spin dependent,



making the magnetic response of the MTJ a function of the relative orientations and
spin polarizations of the two ferromagnetic layers.

MTJ devices havé been proposed primarily as memory cells for solid state
memory. The state of the MTJ memory cell is determined by measuring the
resistance of the MTJ when a sense current s passed perpendicularly through the
MTJ from one ferromagnetic layer to the other. The probability of tunneling of
charge carriers across the insulating tunnel barrier iayer- depends on the relative
alignment qf the magnetic moments (magnetization direcﬁons) of the two
ferroma_gneﬁc layers. The tunheling current is spin polarized, which means that the
electrical ctlxrrent passing from one of the ferromagneﬁc layérs, for example, a layer
whose magnetic moment is fixed or prevented from rotation, is predominantly
composed of electrons of one sbih type (spin up or spin down, depending on the
orientation of the magnetic moment of the.ferromagnetic layer). The degree of spin
ppla_rizatiqn of the tunneling current is determined by the electronic band structure
of the magnetic material comprising the ferromagnetic layer at the interface of the
ferromagnetic layer with the tunnel barrier layer. The first ferromagnetic layer thus
acts as a spin ﬁltéf. The probability of tunneling of the charge carriers depends on

“the availability of electronic states of the same spin polarization as fhe spin
polarization of the electrical current in the second ferromagnetic layer. Us_uaily,
when the magnetic moment of the second ferromagnetic layer is parallel to the
.magnetic moment of the first ferromagnetic layer, there are more available

. electronic states than when the magnetic moment of the second ferromagnetic

layer is aligned antiparallel to that of the first ferromagnetic layer. Thus, the



tﬁnneling probability of the charge carriers is highest when the magnetic moments
of both layers are parallel, and is lowest when the magnetic m'oments. ére
antiparallel. When the moments are arranged neither parallel nor antiparallel, the
tunneling probability takes an intermédiate value. Thus, the electrical resistance of

the MTJ memory cel'l.depends on both the spi'n polarization of the electric’an?ﬁfrerit
and the electronic states in bot_h of the ferromagnetic layers. As a result, the two
possible magneﬁzation directions of the ferromagnetic layer whose magnetization
direction is not fixed uniquely define two possibie bit states (0 or 1) of_,the memory
cell. | - |

A magnetoresistive (MR) sensor detects magnetic field éignals through the

resistance changes ofé sensing element, fabricated of a magnetic material, as a
function of the strength and direction of magnetic flux being'sensed by the sensing
element. Conventional MR sensors, such as those used as a MR read heads for
reading data in magnetic recording d_isk drives, operate on the basis of the
anisotropic magnetoresistive (AMR) effect of the bulk magneﬁc material,-which is
typically permalloy (NigFe,s). A component of the read element resistance varies
as the square of the cosine of the angle between the magnetization direction in the
“read element and the direction of sénse currept through the read eiement._ |
Recorded data can be read from a magnetic medium, such as the disk in a disk
drive, because'tﬁe external magnetic field from the recorded magnetic medium (the |
signal field) causes a change in tﬁe directjon of magnetization in the read element,
which in turn causes a change in resistance of the read element and a

oorresbonding changé in the sensed current or voltage. In conventional MR read |



heads. in contrast to MTJ devices, the sense current is in la direction paral!él to the
ferromagnetic layer of the read element. -

The use of an MTJ device as a magnetoresistive read head for magnetic
recording is described in U.S. Patent 5,390,061. In this MTJ read head, the
electrical sense current to the MTJ device is applied by meahs of eledﬁ@ﬁ -
conductors in the form of thin metal layers locatéd above and below the MTJ device.
These conductors typically have thickﬁesses of several hundred Angstroms.
Typically the magnetoresistive (MR) read elements are placed between thick highly
perméable magnetié. layers or shields from which the condu_gtors must be electrically
insulated by means of non-electrically conducting Iay_ers of sufﬁcienf thickness, as |
shown in Fig. 10 of the ‘061 patent. qu high"areal density magnetic recording
applicétfohs the size of the MR read head and related componenté have to be
decreased as the size of the magnetic bits in which information is stored is
decreased. In particular the thickness of the spacing between the magneﬁc shields,
between which the MR read head is typically located, must be reduced in-thickness
to enable the MR read head fo sense magnetic bits with decreased bit lengths. The
thickness of the MTJ device and conducting leads and insulating layers cannot be

‘made indeﬁn'rtely smallér and thus a limit t(o the maxihum pbssible éreal density will
eventually be reached. IBM's application Serial No. 08/757,422 filed November 27,
1996 describes an MTJ MR read head with longitudinal biaéing wherein the MTJ
device has electrical leads that connect to the MR sense circuitry. The leads are in
contact with insulating gap material and the gap material is in contact with the

magnetic shields so that the leads are electrically insulated from the shields.
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What is needed is an MR read head with an MTJ device including its sense
leads that can be made sufficiently thin to achieve high areal density .by réducing the

spacing between the magnetic shields.

The invention is an MTJ MR read head for a magnetic recording system

wherein the MTJ is located between two spaced-apart magnetic shields. The

magneti'c shields, which allow the head to detect individual mégnetig transitidns from
the magﬁetic recording medium without interference from neighboring transitions,
.also function as electrical leads for connection of the head to sense circuitry.
Electrically conductive spacer layers are located at the top and bottom of the MTJ
and connect the MTJ to the shields. The thickness of tﬁe spécer Iéyers is selected
to optimize the spacing between the shields, which is a parameter that controls the
linear resolution of the data that can be read from the magnefic recording medium.
Tol reduce the likelihood of electrical shorting between the shields if the—
shield-to-shield spacing is too small, each of the shields can have a pedestal region
with the MTJ located between the two pedestals, so that the shield-to-shield spacing
-~ outside the pedesfal regions is greater than in the pedestal regioné.
For a fuller understanding 6f the nature and advantages of the present

invention, reference should be made to thé following detailed description taken

together with the accompanying figures.

eplaced

I



Fig. 1 is a simplified block di:agram of a conventional magnetic r:écording disk
drive for use with the recessed MTJ MR read head according to the preseﬁt
invention.

Fig.2isa top. view of the disk drive of Fig. 1 with the cover remov?d:‘-w :

Fig. 3 is a vertical cross-section of a conventional integrated inducﬁve .write
head/MR read head with the MR read head located between shields and adjacent to
the inductive write head for the purpose of illustrating where the MTJ MR read head
c:>f the present invention would be located. |

‘Fig. 4A ié a sectional view taken through the MTJ of the MTJ MR read head
of the present invention and illustrates the direction of sense current ﬂdw through
the magnetic shields that sen)e as electrical leads and perpehdicularly through the
MTJ.

Fig. 4B is a sectional view of the MTJ MR read head of the present invention
illustrating the location of the MTJ and other layers relative to the sensing end of the
head. .

Fig. 5 is a sectional view illustrating an embo&iment of the MTJ MR read

"head .of the pfesent invention wherein the MTJ is located between bedestal regions
of the magnetic shields.

Figs. 6A-6E illustrate steps in the fabrication of the MTJ MR rea“d'hea-d ofthe

present invention.



Prior Art

Referring first to Fig. 1, there is i.llustrated in sectional view a schematic of a.
prior art disk drive of the type using a MR sensor. The disk drive comprises a
base 10 to which are secured a disk drive motor-12 and an actuator 14, a!nda- -
cover 11. The base 10 and cover 11 provide a substantially sealed hous;ing ;6r the
disk drive. Typically, there .is a gasket 13 Iocéted'between' base 10 and cover 11
and a small breather port (not éhown) for equalizing pressure between the interior of
the disk drive and the qutside environment. A magnetic recording disk 16 is
connected to drive motor 12 by means of hub 18 to which it is attached for rotation
by the drive motor 12. A thin lubricant film 50 is maintained on the surface of
disk 16. A read/write head or transducer 25 is formed on the trailing end of a head
carrier, such as an air.»bearing slide_r 20. Transducer 25 is a read/write head
comprising an inductive write _head portion and a MR read head portion, as will be
described with respect to Fig. 3. The slider 20 is connected to the actuator 14 by
means of a rigid arm 22 and a suspension 24. The suspension 24 prov'ides a
biasing force which urges the slider 20 onto the surface of the recording disk 16.
~During operation of the disk drive, the drive motor 12 rotates the disk 16 at a
constant speed, and the actuator 14, which is typically a linear or rotary voiqe coil
motor (VCM), moves the slider 20 generally radially across the surfaceh 6f tﬁé :
disk 16 so that the readfwrite head 25 may access different data tracks on disk 16.

Fig. 2 is a top view of the interior of the disk drive with the cover 11 removed,

and illustrates in better detail the suspension 24 which provides a force to the



slider 20 to urge it toward the disk 16. The suspension may be a conventional type
of suspénsion, such as the well-known Watrous suspension, as describéd in IBM's
U.S. Patent 4,167,765. This type of suspehsién also provides é gimbaled. |
éttachrﬁent of the slider which allows the stider to pitch and roli as it rides on the air
| bearing. The data detected from disk 16 by the transducer 25 is process__éﬁ'i‘fi’;b a’
-data readback signal by sig;ual amplification and processing circuitry in the
integrated circuit chip 15 located on am 22. The signals from transducer 25 travel -
via flex cable 17 to chip 15, which sends its output signals to the disk drive
electronics '(nbt shown) via cable 19.
Fig.3isa cr:oss-sectional schematic view of the integrated read/write
head 25 which includes a MR read head portion and an inductive write head portion.
The head 25 is lapped to form a sensing surface of the head carrier, such as the
air-bearing surface (ABS) of an éir—bearing slider type of head cérrier. The sensing
surface or ABS is épaced from the surface of the rotating disk 16 (Fig. 1) by the air
bearing as discussed above. The read head includes a MR sensor 40 sandwiched
between first and second gap layers G1 and G2 which are, in turn, sandwiched
between ﬂfst and second magnetic shield layers S1 and S2. The electrical
“conductors (not shown) that lead out from the MR sensor 40 to conﬁect with- sense
cireuitry in chip 15 (Fig. 2) are in contact with the MR sensor 40 aﬁd are located
between MR sensor 40 and the gap layers G1, G2. The gap layers G1 , G2 thus
e_lectﬁbally insulate the electrical leads from the shields S1,)82. In a conventional
disk drive, the MR sensor 40 is an AMR sensor. The write. head includes a coll

layer C and insulation layer 12 which are sandwiched between insulation layers 11



and I3 which are, in tum, sandwiched between first and second pole 'pieces P1
and P2. A gap layer G3 is sandwiched between the ﬁrst and second béle
pieces P1, P2 at their pole tips adjacent to the ABS for providing a magnetic gap.
During writing, signal current is _conducted_through the coil layer C and flux is |
induced into the ﬁrst and second pole layers P1, P2-'c'ausing'ﬂux to fringe__ across the
pole tips at the ABS. This flux magnetizes circular tracks on the rotating disk 16
during a write operation. During a.read operation, magnetized regions on the
rotating disk 16 inject flux into the MR sensor 40 of the read head, causing
resistance changes in the MR sensor 40. These resistance changes are detected
by detecting voltage changes across the MR sensor 40. The voltage chénges are
processed by the chip 15 (Fig. 2) and drive electronics and converted into user data.
The combined head 25 shown in Fig. 3 is a “merged” head in which the second
shield layer S2 of the read head is employed as a first pole piece P1 for the write
head. In a piggyback head (not shown), the seoond. shield layer S2 and the first
pole piece P1 are separaie layers. | -
The above description of a typ.ical magnetic recording disk drive with an AMR
read head, and the accompanying Figs. 1-3, are for representation purposes only.
'Disk drives may contain a large number of diéks and actuators, and each actuator
may support a number of sliders. In addition, instead of an air-bearing slider, the
head carrier may be one which maintains the head in contaci or near contact with
the disk, such as in liquid bearing and other contact and near-contact recording disk

drives.
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Preferred Embodiments

The present invention is a MR read héad with an MTJ sensor fbi' use in place
of the MR sensor 40 in the read/write head 25 of Fig. 3.

Fig. 4A is a section view of an MTJ MR read head according to one
embodiment of the present invention as it would appéar iffaken through a pfane ™
whose edge is shown as line 42 in Fig. 3 and viewed from the disk _surface. Thus
the paper of Fig. 4A is a plane paralle! to the ABS and through substantially the
~ active sensing region, i.e., the tunnel junction, of the MTJ MR read head to reveal
the layers that make up thé head. Fig.4Bisa section view perpendicular to the
view of Fig. 4A énd with the sensing surfacé 200 or ABS to the right.

Referring to Figs. 4A-4B, the MTJ MR read head includes an electrically
conductive spacer layer 102 formed directly on the first magnetic shield S1, an
electrically conductive spacer layer 104 below and in direct contact with second
magnetic shield S2, and the MTJ 100 formed as a stack of layers between electrical
spacer layers 102, 104. The magnetic shields S1, S2 now serve both as magnetic
shields aﬁd as the electrically conducting leads for connection of the MTJ 100 to
sense circuitry. This is shown in Fig. 4A by the arrows. showing the direction of
-“current flow through the first shield S1, perpendicularly through spécer layer 102,
MTJ 100, spéce.r layer 104 and out through the second shield S2.

The MTJ 100 includes a first electrode multilayer stack 11 0, an insulating
tunnel barrier layer 120, and a top électrqde stack 130. Each of the electrodes
includes a ferromagnetic layer in direct contact with tunnel barrier layer 120, i.e.,

ferromagnetfc layers 118 and 132.
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The base electrpde layer stack 110 formed on spacer layer 102 includ'es a
seed or “template” layer 112 on the spacer layer 102, a layer of antifeﬁémagneﬁ¢
" material 116 on the template layer 112, and a “fixed” ferromagnetic layer 118 formed
on and exchange coupled with the underlying antiferromagnetic layer 116. The
ferromagnetic layer 118 is called the fixed layer because its magnetic mpment"or
magneﬂzaﬁon direction is prevented from rotation in the presence of applied
magnetic fields in the desired range of interest. The top electrode stack 130
includes a “free” or “sensing” ferrom_agr‘!_eﬁc layer 132 and a protective or capping
layer 134 formed on the sensfng fayer 132. The sensing ferromaghetic layer 13§ is
- not exchange couple'd to an antiferromagnetic layer, and its magnetization direction
| is thus free to rotate in the presence of applied magnetic fields in the range of
.interest. The sensing ferromagnetic layer 132 is fabricated so as to have its
magnetic moment or magnétizatioﬁ direction (shown by arrow 133) orier_lted
generally parallel t§ .the ABS (the ABS is a plane parallel to the paper in Fig. 4A and
is shown as 200 in Fig. 4B)_ and generally perpe:ndicular to the magnetization
direction of the fixed ferromagnetic layer 118 in the absence of an appliéd magnetic
field. The fixed férromagnetic layer 118 in electrode stack 110 just beneath the
‘tunnel barrier layer 120 has its magnetization direction fixed by inteﬁacial exchange
coupling with the immediately underlying antiferromagnetic layer 116, ‘which also
fo_rms part of bottom electrode stack 110. The magnetization direction of the fixed
ferromagnetic layer 118 is oriented genera]ly perpendicular to the ABS, i.e., odt of or

into the paper in Fig. 4A (as shown by arrow tail 119).
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Also shown in Fig. 4A isa :biasing ferromagnetic layer 150 for longitudinally
biasing the mégnetizatipn of the sensing ferromagnetic layer 132. and an insulating!
layer 160 separating and isolating the biasing layer 150 from the sensing
fen‘omagnetic layer 132 and the other layers of the MTJ 100. For ease of
.explanation, the biasing ferromagnetic layer 150 is not shown in Fig. 4B. The~:
biasing ferromagnetic layer 150 is a hard magnetic material, such as a éoPtCr alloy,
that has its magnetic moment (shown by arrow 151) aligned iﬁ the same direction as
- the magnetic moment 133 of the sensing ferromagnetic layer 132 in the absence of
an applied magnettc field. The insulating layer 160, which is preferably alumma
(ALO,) or silica (SiO,), has a thickness sufficient to electncally xsolate the biasing
ferromagnetlc tayer 150 from the MTJ 100 and the spacer layers 102, 104, but is still
thin enough to permit magnetostatic coupling.(shown by dashed arrow 163) with the
sensing ferromagnetic layer 132. The product M*t (where M is the magnetic
| moment per unit area of the material in the ferromagnetic layer and t is the thickness
of the ferromagnetic layer) of the biasing ferromagnetic layer 150 must be greater
than or equal to the M*t of the sensing feromagnetic layer 132 to assure stable
longitudinal biasing. Since the magnetic moment of Nij.-Fe,, (x being
-approximately 19) that is typically used in the sensing ferromagnetid layer 132 is
about fwice that of the magnetic moment of a typlcal hard magnetic material suitable
for the blasmg ferromagnetic layer 150, such as Co,sPtﬁ,Cr,z, the thickness of the
biasing ferromagnetic layer 150 is at least approximately twice that of the sensing’

ferromagnetic layer 132. .
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A sense current | is directed from the electrically conductive material making
up the first shield S1 to first spacer layer 102, perbendicularly througﬁ ihe
antiferromagnetic layer-116, the fixed ferromagnetic layer 118, the tunnel barrier
layer 120, and the sensing ferromagnetic layef 132 and then to sécond spacer
layer 104 and out throdgh second shiéld S2. As described previously, the amount
of tunneling current through the tunnel barrier layer 120 is a function of the relative
orientations of the magnetizations of the fixed and sensing ferromagnetic
layers 118, 132 that are adjacent to and in contact with the tunnel barrier layer 120.
The rhagnetic field from the 'recorded data causes the magnetization dir:ection of
" - sensing ferromagnetic layer 132 to rotate away from the direction 133, Le., either
into or out of the paper of Fig. 4A. This changes the relative orientation of the
magnetic moments of the ferromégnetic' layers 118, 132 and thus the amount of
tunneling current, which is reflected as a change in electrical resistance of the
MTJ 100. This change in resistance is detected by the disk drive electronics and
processed into data read back from the disk. The sense currént through shields S1
and S2 is prevented from reaching the. bié'éing ferromagnetic layer 150 by the
electrical insulating layer.1 60, which also insulates the bia_sing ferromagnetic
" layer 150 from the MTJ 100 and the spacer layers 102; 104. .

A representétive set of materials for MTJ 100 (Figs. 4A-4B) will now be
described. .AII of the layers of the MTJ 100 are grown in the presencé éf é hagnetic
field applied parallel to the surface of th(-; substrate. The magnetic ﬁeld.serves to |
orient the easy axis of all of the ferromagnetic layers. A 5 nm Ta seed layer (not |

shown) is first formed on a 10-50 nm Culayer that serves as the spacer layer 102.
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Suitable spacer layer materials are those which are electncally oonductmg but since
| the spacer layers are very thin there is no stringent requrrement on the value of the
conductivity. Thus metals much less conducting than Cu can be used provided that
they form suitable layers with the appropriate degree of smoothness on which to
subsequently grow the various thin layers which comprise the MTJ device 100.” An
additional requirement for the embodiment shown in Fig. 4A and B is that when in
operation the spacer layer material not readily smear across the air bearing surface
as a result of occasional oontact at the ABS to the magnetic disk. This is nota
requirement if .the MTJ device and the spacer layers are recessed from the ABS
such that tlle spacer layers would never come in direct contact with t.he' magnetic
disk which the MTJ MR head will read. The seed layer is comprised of a material
which encourages the (111) growth of the face-centered cubic (fcc)
- Nig,Fe,, template layer 112. The template ferromagnetic layer 112 enhances the
growth of the antrferromagnetrc layer 116. Suitable seed layer materials mclude fcc
- -metals such as Cu, as well as Ta or a combination of layers, such as
3-5.nm Ta/3-5 nm Cu. The MTJ base electrode stack 110 comprises a stack of
4 nm NigFe;/10 nm Fe,,Mn,/8 nm N';i,,',Fe19 (layers 112, 116, 118, respectively)
"grown on the Ta seed layer on the 10-20 nm Cu layer 102. The Cul spacer
layer 102 is formed directly on the material forming ﬁrst shield S1 that serVes as the
substrate Next, the tunnel barrier layer 120 is formed by depositing and then
plasma oxrdlzmg a 0.5-2 nm Al layer. This creates the Al O, msulatlng tunnel barrier |
layer 120. The top electrode stack 130 is a 5 nm Ni-Fe/10 nm Ta stack

(layers 132, 134, respectively). The Ta layer 134 serves as a capping layer for

L .
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corrosion protection of the MTJ 100 during processing. The top electrode stack 130
is confacted by a 20 nm Au layer that serves as the spacer layer 104.
it is important that the layers in the bottom electrode stack 110 be smooth,

and that the Al,O, tunnel barrier layer 120 be free of pinholes which would

electrically short the junction. For example, growth by sputtering techniques kfiown =~

to produce good giant magnetoresiétanoe effects in metallic multilayer stacks is
sufficient.

An alternative sensihg ferromagnetic tayer 132 may be comprised of a thin
Co or Cop.F ey (X is approximately 70) or Ni(,'mfex (xis app:roximately 60) layer
at the interface between the sensing ferromagnetic layer 132 and the tunnel barrier
layer 120, with the bulk of layef 132 being a low magnetbstriction material, such as
Nio0F e (x is approximately 19). The net magnetostriction of this type of sensing -
layer with a thin Co or Cogg.yFey (X is approximately 70) or NiyogFe, (X is
approximately 60) interféce layer is arranged to have a value close to zero by slight
variations of the compositioh of the bulk of layer 132. An alternative fixed
ferromagnetic layer 118 may be oomprised largely of a bulk Nig.4Fe4 (X is
approximately 19') layer with a thin Ia'yer of a Co or Coygo4Fey, (X is approximately
" 70) or Nije0.5Fe, (x is approximately 60) layer at the interface with tﬁe tunnel barrier
layer 120. The largest signal is obtained with Co or with t.he highest pc_)lari;a_ttion
Nig00.9F€x (x is approximately 60) or Co.Fey, alloy (x is approximately 70). The
interface layer is optimally about 1-2 nm thick. The net magnetostriction of the

combined layer is arranged to be close to zero by small variations of the
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composition. If the bulk of layer 118 is Ni-Fe. then the composition ié Nig,Fe,q, the
composition for w_hiéh bulk Ni-Fe has zero magnetostriction. o
The Fe-Mn antiferromagnetic iayer 116 may be replaced with a Ni-Mn layer or -
other suitable antiferromagneﬁc layer which exchange biases the ferromagnetic'
material in the fixed layer 118 and which has a resistance which is subs_tantially less *
than that of the Al,O, barrier layer 120. In addition, while in the preferred
embodiment the fixed ferromagnetic layer has its magnetic moment fixed by
inierfacial exéhange coupling with an antiferromagnetic layer, the fixed
ferromagnetic layer may be formed of a rﬁagnetically “hard” high coercivity material,
thereby avoiding the need for an antiferromagnetic layer. The hard fixed
ferromagnetic layer may thus be formed from a variety of ferrdmagnetic materials,
such as alloys of Co and one or more other elements, including Co-Pt-Cr-alloys,
Co-Cr-Ta alloys, Cq-Cr alloys, Co-Sm alloys, Co-Re alloys.' Co-Ru alloys, and
Co-Ni-X alloys (X = Pt, Pd, or Cr), as well as a variety of quaternary alloys, such as
Co-Ni-Cr-Pt and Co-Pt-Cr-B. |
While the MTJ device desbribed and shown in Figs. 4A-4B has the fixed
ferromagnetic layer on the bottom of MT_J 1 OO, the device can also be formed by
"depositing the sensing ferromagﬁetic layer first, followed by the tunﬁ'el barrier layer,
the fixed ferromagnetic layer, and the antiferromagnetic layer; Suph an MTJ device
would then have the layers essentially inverted from the MTJ 100 shown in
Figs. 4A-4B. |
In order-to achieve high areal densitieé (the quantity of data that is stored per

. unit area of disk surface) the MTJ 100 and its associated spacer layers 102, 104 are
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placed directly between the magnetic shields S1, 82.. as shown in Figs. 4A-4B,
without the need for separate electrical lead layers and insulating gap. fﬁaterial to.
separate the leads from the shields. The magnetic shields, which are comprised of
relatively thick highly permeable magnetic layeré, allow the MR sensor to detect

individual magnetic transitions without interference fromn neighboring transitions.

Thus the MR sensor can detect magnetic bits with smaller bit lengths than otherwise

would possible. The resolution of thé MR sensor is determined by the separation s

~ between the magnetic shield layers S1 and S2 (see Fig. 4B) and the distance
between the sensing surface 200 and the magnetic ﬁlm: on the disk. Foi' example, in
order to detect fnagnetic bits spaced ata linear m_agn'efic bit der_lsity of 125,000 b_ifs
per inch (equivalent to 5 transitions-per micron) in a disk drive with seﬁsor to
mégnetic film spacing of 0.02 microns, a separation between the shield layers of s

~0.2 microns would be required.

In the present invention the shields S1 and S2 must be electrically conducting

and of suitably high magnetic permeability. The shields may be formed from various
NiFeX alloys '(where Xis Ta, Rh, Pt, or Nb) of with CoZrNb alloys or with sendust
(FeAISi) alloys. As shown in Fig. 4B, the present invention allows the separation s
to be reduced in thickness by the combined thicknesses of the insu.lating gap layers
G1 and G2 (Fig. 3) which were used to electrically isolate the MR sensor. The _
spaci'ng s may of course be reduced further in_t'hickness by reducing the
thicknesses of the spacer layers 102 and _1 04. While in principle any resistance in

series with the MTJ device will reduce the magnitude of the signal of the MTJ device

P
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the resistance of the spacer layers 102' and 104 in ihe MTJ MR read head of the |
present invention is negligible. N
In the prior art shown in Fig. 3, there is the possibility of electrical shorting of

the leads of the MR sensor 40 to the shields S1 and S2 if the gap layers G1 and G2
éz_re made too thin. In the MTJ MR read head of the préseht invention this problem
has been eliminated because the shields now function as the electrical leads to
connect the MTJ 100 to sense circuitry.

| In the device of the present invention the reduction in the separation between
the shields S1, S2 leads to a corresponding increase in the linear resolution of the
MTJ MR head. This can be understood by the following example. The thickness of
a typical MTJ device 100 is ~66nm (comprised of layers of 5nm Ta+15 nm Pt+4 nm
NigFeg+10 nm FegMng+6 nm Nig,Fe,o+1 nm AlL,O;+5 nm NigFe,g+20 nm Ta).
Typically the minimum thicknesses of the insulating gap layers G1, G2 may be
~20nm each. Thus if the MTJ device 100 is used in a str"uct_ure using .th'e Qap layers
G1, G2 then the separation between S1 and S2 is ~106 nm. This leads to a linear
resolution corresponding to ~250,000 transitions per inch (assuming the bit 1ength is
only slightly smaller than the gap se;;aration)_. When the épacer layers 102, 104 are
~ connected directly to the respective shields S1, S2 the gap layers 61 and G2 are
removed and the separation between the shields will be reduced to ~66_nm._ The
linear resolution of the MR head will thus be incfeased to ~400,000 transitions per
" inch. Ifin addition the thicknesses of the spacer layers 102 and 104 are reduced to
~7.5 nm each, then an even higher resolutibn of ~500,000 transitions per inch is

- made possible with otherwise the same MTJ MR device 100. Thus by using the
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spacer layers 102, 104 and selecting their thicknesses, the spacing distance s can
be optimized to design the MTJ MR read head to operaie at the desiré& linear
resolution. :
The MTJ MR reaci head of the present invention is suitable for ultra dense
magnetic recording applications. Usirig a structure oompriséd of 2nm thick Cu
" spacer IaYers 102 and 104, a 5nm thick IrMn exchange bias layer 1 1.6, a2.5nm
thick Co fixed ferromagnetic layer 118, a 1nm thick Al,O, tunneling barrier 120 and a
3 nm thick free NiFe,, free ferromagnetic layer a MTJ device and spacer layers
with a combined thicknes of only 13.5 nm thick can:be formed. Thus linear densities
exceeding 1,500,000 transitions per inch are made possible.

In the present invention the free ferromagnetic layer 132 can not be in direct
contact with the magnetic shield S2 since the magnetic moment of this iayer wili
then be fixed by exchange coupling to the magnetic moment of the shield and thus
will not be able to respond optimaliy_to the flux from the magnetic transitions in the
magnetic disk medium. Similarly it is preferable that the antiferromagnetic exchange
bias layer 116 not be in direct contact with the shield S1 since the magnetic
properties of the shield will be altered. In particular the magnetic permeability of the

“'shield will be reduced in ihe region of the antiferromagnetic layer. 'i'hus the spacer
layers 102, 104 provide electrical oonnectiori with layers 116, 132, respectively,
while isolating these layers from the shield_s S$1,S2. However, itis poséible in the
present invention that the template layer 1 12 in contact with the antiferromagnetic
layer 116 and the capping layer 134 in cpntact with the free ferromagnetic layer 132

may serve as spacer layers if made of appropriate materials and formed to suitable
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thicknesses. For example both the spacer layer 102 and the template 112 méy be
formed of Ta with a. cémbined thickness of 5-10nm. Similarly both lay-e-rs 134 and
104 may be formed from Ta with a combined thiékﬁess of 5-10nm. In the device of
the present iﬁvention the combined thickness of the MTJ device 100 and the
thicknesses of the spacer layers 102, 104 determinies the separation distance s.
While the device of the present invention eliminates the possiﬁility of electrical
shorts between the electrical conducting leads a_nd the shields as ti'ne separation of
the shié_lds is reduced, the probability of an electrical short directly between the
shields increases. This can be alieviated by increasing the separation between the
shields in the region away from the MTJ device 100, as shown in Fig. 5. In Fié. 5,
each shield S1, S2 has a respective pedestal 161, 163 in the region where the
MTJ 100 is formed so that the spacing s in this region can be made smallef than the
spacing s’ between the shields outside the region where the MTJ 100 is formed. In
this manner the larger distance s’ decreases the likelihood of an electrical short
between the two shields S1, S2. |

Another advantage of the MTJ_ MR read head of the present invention is that -
the electrical resistance of thé shieldé .wh-ich now also act as the electrical leads to
“the MTJ device is small because the shields are very thick. When independent
electrical Ieéds to the MTJ device are placed between the shields and the MTJ
these leads hust be formed from thin condu_lcting layers and separated frorﬁ the
shields by additional insulating layers. Fo_r high density recording applications the
shield to shield sepafation s must be kept small which limits the tﬁickness of the

electrical leads in the vicinity of the MTJ device. Thus there may be a significant
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voltage drbp_ across these electrical leads. Since this voltage drop is in series with
the desired signal, i.e. the voltage drop across the MTJ device, the outphi signal is
decreased for otherwise the same senseé conditions. In the MTJ device of the

present invention the voltage drop across the shields which now also act as the

electrical leads is small.

- Referring to Figs. 6A-6E, the process fqr forming the MTJ MR read head of
the present invention will be described. A proces:s will be described for forming an
MTJ MR head similar to that shown in Fig. 6, where the separation between the
magnetic shields is greater in the region away from the MTJ device. For ease of
illustration and explanation, the forming of the longitudinal bias regions 150 shown
in Fig. 4A will not be described.

The process begins, as shown in Fig. 6A, by depositing the material for
spacer layer layer 102, the MTJ device 100 and the top spacer layer 104 on top of
the shield S1. The spacer layer material 102 can be of a variety of opnducting
materials, such as 'Té, Al Cu, Au, W and Pt with a typical thickness in the range of 0
to 20nm. The antiferromagnetic layer 116 can be selected from a va.riety of
well-known materials, such as Fe-Mn, Ni-Mn, Pt-Mn, Ir-Mn and Pd-Mn. The typical
thickness for the antiferromagnetic fayer 116 is in the range of 7 to 30nrfl1.- Tﬁé fixed ‘
ferromagnetic layer 118 is preferably a Ni-Fe alloy or a bitayer of Ni-Fe alloy and a
thin film of Co. Typical thicknesses fqr the Ni-Fe alloy layér are 2 to 10nm and

typical thicknesses for the Co layer are 0.2 to 2nm. - The thickness of the aluminum
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for the tunnel barrier oxide layer 120 is typically in the range of 0.5 to 1.5nm. The
free ferromagnetic léyer 132 is typically a Ni-Fe alloy or a bilayer of Cd énd a Ni-Fe
alloy, with a thickness from 10 to 20nni for the Ni-Fe alloy and a thickness of 0.2 to
2nm for the Co. The spacger layer 104 is formed pf similar materials and thicknesses |
as described for the spacer layer 102.

Atfter deposition of these layers, which is usua_lly either by ion beam
deposition of RF or DC magnetron spuﬁeﬁng, the layers are lithographically
patterned using the resist 230 shown in Fig. 6B. lon milling then removes material
not protected by the resist 230, as shown in Fig. 6C. The ion milling procedure is
designed such that by choosing suitable conditions such as the time of the ion
milling not only are the layers 102, 100 and 104 removed everywhere there_ isno
resist 230 but in addition material is removed from the the top surface of the bottom
shield S1 to a depth d. The resist layer 230 is typicglly a bilayer res_iét with an
undercut. After the ion milling step of Fig. 6C a layer 25.0._ of insulating material,
typically aluminé or SiO,, is deposited by ion beam or RF sputtering to a thickness
whicﬁ is greater than at least the sum of d and the thicknesses of thé spacer layer
102 and the MTJ device 100 and the spacer layer 104, as shown in Fig. 6D. After
the déposition of the insulating layer 250 the resist layer 230 is Iifted off, removing
the insulating material 250 that was deposited on top of the spacer layer 104.
Ifinally the top shield layer S2 is formed by either ion 'bearﬁ deposition c;r -RF orDC

magnetron sputtering, as shown ih Fig. 6E.
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The above process can also be adapted to provide longitudinal biasing or
stabilization for the free ferromagnetic layer 132 by incorporation of thé .hard
magnetic material in regions 150, as shown in Fig. 4A.

The total thickness of the spacer layers, free and fixed ferrorhagnetic_layer,
| tunnel oxide Iayer,. and antiferromagnetic layer may be in the rangé 50-80nm. The

lower shield S1 may be overmilled by a .thickness d~30nm and fhe thickness of the .
insulating layer deposited in the step of Fig. 6D may be ~120nm. Thus this example
using the fabrication sequence described in Figs. 6A-6E leads to a MTJ MR read
head with a resolutiongap s of"~50-80nm but a shield to shield s’ separation away
from the MTJ sensor of ~120nm rather than 50-80nm. Since it is advantageous to
have the free ferrorriagnetic layer 132 centered in this gap between the two shields
(i.e., locating layer 132 at a distance s/2) ihis is accomplished by adjusting the
thicknesses of the spacer layers 102 and 104, the thickness of overmill of S1 and
the thickness of the insulating layer 250 deposited in the step of Fig. 6D.

After the definition and fabricaﬁon of the MTJ sensor it is still necessary to
align the magnetization direction (magnetiq moment) of thé fixed ferromagnetic
layer 118 in the pbper direction. If Fé-Mn is used as the antiferromagnetic

"layer 116 for exchange coupling with'the fixed ferromagnetic layer 1 18itis
antiferrorpagnetic as deposited. However, its magnetization must be r_ealigned SO
that it can exchange couple the fixed ferromagnetic layer 118 in the proper
orientation. The structure is placed in an annealing oven and the temperature is
raised to approximately 186 OC, which is greater than the blocking temperature of

Fe-Mn. At this temperature, the Fe-Mn layer no longer gives rise to an exchange
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anfsotropy with .the fixed ferromagnetic layer 118. An exchange anisotropy of the
ferromagnetic layer 118 is developed by cooling the pair of layers 1 16 118ina
magpnetic field. The orientation of the magnetization of the fixed ferromagnetic
layer 118 will be along the direction of the applied magnetic field. The applied
magnetic field in the annealing oven thus causes the moment of the fixed
ferromagnetic layer 118 to be fixed along the required direction perpendicular to the
. ABS, as shown by the arrow 119 in Fig. 4A. This is a result of cooling the Fe-Mn
layer in the presence of the ferromagnetic layer 118,_ magnetized by the applied
magnetic field, in the required direction. Thus, at temperatures below the blocking
temperature of Fe-Mn. ih the presence of an applied magnetic field from the
recorded medium, the magnetization of the fixed ferromagnetic layer 118 will not
substantially rotate.

While the embodiment of the pr_esent invention described in Fig. 5 has
pedestals 161, 163 of the same area .as the area of t_he MTJ device 100 and aligned
with the MTJ device this is not a neceséary requirement. I;n an alternative
embodiment the area of the pedestals can be made larger than the area of the MTJ
device 100 and the MTJ device does not hé\(e to be centered within the pédestals :
-although the boundarjes of the MTJ device must lie within the area-df the ped.estals.
Similarly only one pedestal on either side of the MTJ device is required to allow for |
increased separation of the shields S1, S2 away from the MTJ device. Such an
alternative embodiment with only the upper pedestal may be formed by a similar
process of fabrication as described in Figs. 6A-6E. waever the MTJ device 100

and spacer layers 102 and 104 are not overmilled as shown in Fig. 6C but are milled
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through only as fr;1r as the surface of the shield S1. Thus no lower ped_estal is
formed. The rest of the process is otherwise identical. An embodimér;t in‘'which
only the lower pedestal is formed is fabﬁcéted by a similar set of fabrication steps as
shown in Figs. 6A-6E except that except that after removing the photoresist 230
after step Fig. 6D the resulting surface of the device is planarized by a prqoess of
chemical mechanical polishing. The shield 82 is then directly déposited on the
planarized surface and no upper pedestal is formed.

While the présent invention hé_s been particularly shown and described with
reference to the preferred embodimenté, it will bé understood.by those skilled in the
art that various changes in form and detail may be made without departing from the
spirit and scope of the invention. Accordingly, the disclosed invention is to be
considered merely as illustrative and limited in scope only as'speciﬁed in the

appended claims.
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1. A magnetic tunnel junction mégnetoresistive read head for sensing
data magnetically recorded on a medium when connected to sense circuitry, the
head corﬁprisfng: .. |

a first electrically conducting magnetic shield;

a first electrically conductive spacer layer located on the first shield;

a magnetic tunnel junction located on the first spacer Iaye_r and bomprising:

| a fixed ferromagnetic layer having its magnetization direction fixed
- along a preferred direction so as to be substantially prevented from rotation in
- the presence of an applied magnetic field from the medium:;

a sensing ferromagnetic layer having its magnetization direction
oriented generally perpendicular to the magnetization direction of the fixed
ferromagnetic layer in'tﬁe absence of an applied magnetic field and being
free to rotate in the. presence of an applied magnetic field from the medium;

an insulating funnel barrier layer locéted between and in contact with
the fixed and sensing ferromagnetic layers for permitting tunneling current in

a direction generally perpendicular to tﬁe fixed and sensing férromagneﬁc

layers;

- a second electrically conductive spacer.layer. wherein the magnetic funnel

junction is located between and in contact with the first and second spacer layers;

and

e
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a second electrically conductive magnetic sh_iéld located on the second
~ spacer layer; whereby an electrically conductive path is provided from the first shield
to the first spacer layer and through the magnetic tunnel junction to the second

spacer layer and the second shield.

2. The head according to claim 1 further comprising a capping layer for
providing corrosion protection for the magnetic tunnel junction, the capping layer

being located between the magnetic tunne! junction and the second spacer layer.

3. The head according tb claim 1 wherein the second spacer layer is a

capping layer for providing corrosion protection for the magnetic tunnel junction.’

4, The head according to claim 1 further comprising an antiferromagnetic
layer in contact with the fixed ferromagnetic layer for fixing the magnetization

direction of the fixed ferromagnetic layer by interfacial exchange coupling.

5. Thé head according to claim 4 wherein the first spacer layer is formed
- directly on the first shield, wherein thejantiferromagnetic layer is located between _
the first spacer layer and th_e fixed ferromagnetic layer, and wherein the fixed
ferromagnetic layer is formed directly on and in contact with the antife;rérﬁaénetic

layer.

IIIIIIII HIIII IIIII Il II |IIl
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6. .The head according to claim 5 further comprising a template layer
located on the first spacer layer for enhancing the formation of the anlti'fe'rromagnetic
layer, and wherein the antiferromagnetic layer is formed directly on and in contact

with the template layer.

7. The head according to claim 5 wherein the first spacer layer is a
template layer for enhancing the formation of the antiferromagnetic layer, and
wherein the antiferromagnetic layer is formed directly on and in contact with the

template layer.

8. The head according to claim 1 further comprising:
| a biasing ferrdmagnétic layer for longitudinally biésing the magnétization

direction of the sensing ferromaghétic layer ih a direction generally perpendiculér to
'the magnetization direction of the ﬁxeq ferromagnetic layer in the absence of an
applied magnetic field; and |

an electrically insulating layer located between the biasing and sensing
ferromagnetic layers for electrically isolating the biasing layer froh the sensing layer;
and wherein the spacer layers are electrically isolated from the biasfng layer by the
insulating layer, whereby when a sense current is passed between the first and
second shields .it passes generally perpendicularly through the magnetié -tuhﬁel

junction without passing into the biasing layer.

) * c L ] s *
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9. The head acoording to claim 1 wherein the read head is part of an

integrated read/write head.

10. The head according to claim 1 further comprising sense circuitry

connected to the first and second shields.

11. The head accqrding to claim 1 wherein each of the first and second
shields includes a pedestal region, and wherein the first spacer layer i_s formed on
the pedestal region of the first :shiel'd and the second spacer layer is forméd on the
pedestal region of the second'shield, whereby the spacing between the first and

second shields is greater outside the pedestal regions than at the pedestal regions.

12. The heéd according to claim 11 wherein the area of each of the
pedestal regions is substéntially the same as the area of each of the first and

second spacer layers.

"13.  The head according to cfaim 1 wherein the first and second shields are
formed of a material selected from the group consisting of NiFeX alléys (where Xis

Ta, Rh, Pt, or Nb), CoZrNb alloys, and FeAlSi alloys.

A
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14. The head according to claim 1 whefein the head is the type for sensing
data from a magnetic recording disk and further comprising an air-béaring slider
having an air-bearing 'surface (ABS) facing the surface of the disk when data frdm
the disk is being read by the head and a trailing end surface generally perpendicular
td the ABS, and wherein the slider trailing end surface is a substrate on which the

first shield is formed.
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16. . A magn'etic tunnel junction magnetoresistive read head assembly for
sensing data from a magnetic recording disk iﬁ a magnetic reoording disk drive
when the read head is connected to sense circuitry, the assembly comprising:

a head carrier having a sensing surface for'facing the surface of the disk and
a trailing.end surface generally perpendicular to the sensing surface;

a first electrically conducting magnetic shield.on the trailing end surface of the
head carrier for providing an electrical lead for connection to the sense circuitry;

a first electrically conductive spacer layer on the first shield;

a magnetic tt:mr_lel junction on the first spacer layer comprising:

a fixed ferromagnetic layer on the first spacer layer and having its
magnetization direction fixed along a preferred direction so as to'be
substantially prevented from rotation in the presence of an applied magnetic
field from the disk;

an insulating tunnel barrier' layer located on and in contad with the
fixed férromagnetic layer;

a sensing ferromagnetic layer on and in contact with the tunnel bérrier
layer and having its magnetization direction oriented génerally perpendicular
to the magnetization direction of the fixed ferromagnetic Iayér in the absence
of an applied magnetic field and being free to rofate in the presence of an
appiied magnetic field from the-dfsk; | o
a second electrically conductive spacer layer on the sensing ferromagnetic

layer; and .
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a second electrically conductive magnetic shield located on the second
spacer layer for providing an electrical lead for connection to the sensé .circui_try;
whereby an eleétrica'lly conductive path is provided from the first shield to the first -
spacer layer and through the magnetib tunnel ju_ﬁction to the second spacer layer
and the second shield, the path including a path for tﬁnneling current genérally

" perpendicularly through the tunnel barrier layer.

16.  The head assembly according to claim 15 further comprising a
capping layer for providing corfosion' protection for the magnetic tunnel junction, the
capping layer being located between the sensing ferromagnetic layer and the

second spacer layer.

17. The head assembly according to claim 15 wherein the second spacer
layer is a capping layer for providing corrosion protection for the magnetic tunnel

junction.

18. The head assembly according to claim 15 further comprising an
antiferromagnetic layer in contact with the fixed ferromagnetic layer for fixing the
magnetization direction of the fixed ferromagnetic layer by interfacial eXchange
qoupling, the antiferromagnetic layer being Iopéted between the first spééef I-ayer

and the fixed ferromagnetic layer. .

T
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19.  The head assembly according to claim 18 further comprising a
tempilate layer located on the first sbacer layer for enhancing the forrﬁétion of the
| antiferromagnetic layer, and wherein the antiferromagnetic layer is located directly

on and in contact with the template layer.

20. The head 'éssembly according to claim 18 wherein the first spacer
layer is a template layer for enhancing the formation of the antiferromagnetic layer,
and wherein the antiferromagnetic layer is formed directly on and in.dontact with the
template Iay:er. |

21. The head assérr_\bly according to claim 15 further comprising:

a biasing ferromagnetic layer for longitudinally biasing the magnetization
direction of the sensing ferromagnetic layer in a direction generally perpendicular to
the magnetization direcﬁon of the fixed ferromagnetic layer in the absence of an |
applied magnétic field; and | |

an electrically insulating layer located between the biasing and sensing
ferromagnetic layers for electrically isbléting the biasing layer from the sensing layer;
-and wherein the spacer layers are elec_:tricélly isolated from the biasjing layer by the
insulating layer, whereby when a sensé current is passed between the first and
second shields it passes generally perpendicﬁlarly through the magneﬁé tunﬁel

junction without passing into the biasing layer.

mamy
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22. The head assembly according to claim 15 further comprising sense

circuitry connected to the first and second shields.

23. The head assembly according to claim 15 wherein each of the first and
second shields includes a ped.estal- region, and wherein the first spacer layer |s
formed on the pedestal region of the first shield and the second spacer layer is
formed on the pedestal region of the second shield, wheréby the spacing between
the first and second shield's is greater outside the pedestal regions than at the

pedestal regions.

24.  The head assembly according to claim 23 wherein the area of each of
the pedestal regions is substantially the same-as the area of each of the first and

second spacer layers.

| 25. The head assembly according to claim 15 wherein the first and second
shields are formed of a material selected from the group consisting of NiFeX alloys

(where X is Ta, Rh, Pt, or Nb), CoZrNb alloys, and. FeAlSi alloys.

26. The head assembly according to claim 15 wherein the head carrier is
an air-bearing slider and wherein the sensing surface is the air-bearing surface of

the slider.
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