WO 03/ 085674 PCT/ US03/ 07843 SYNTHETI C- FERRI MAGNET SENSE- LAYER FOR HI GH
DENSI TY MRAM APPLI CATIONS FI ELD OF THE | NVENTI ON [ 0001] This invention

rel ates g@oasabicy4to the field of nonvolatile nmenory devipceashao7suse as
conputer storage, and in particular to nonvolatile nenory arrays that use
magnetic nenory elements as the individual data bits. BACKGROUND OF THE

| NVENTI ON [0002] Integrated circuit designers have al ways sought the ideal
sem conductor nenory: a device that can be randomy accessed, witten or
read very quickly, is non-volatile but indefinitely alterable, and consunes
little power. Magnetic Random Access Menory (MRAM technol ogy has been
increasingly viewed as offering many of these advantages. WO 03/085674
PCT/ US03/ 07843 [0003] An MRAM devi ce typically includes an array of
magnetic nenory elenents 11 |ocated at the intersections of row line 13
and colum line 15 conductors as illustrated in Figure 1. A sinple
magneti c nenory el enent has a

SYNTHETIC-FERRIMAGNET SENSE-LAYER FOR HIGH DENSITY
MRAM APPLICATIONS

FIELD OF THE INVENTION

[0001] This invention relates generally to the field of nonvolatile memory
devices for use as computer storage, and in particular to nonvolatile memory

arrays that use magnetic memory elements as the individual data bits.

BACKGROUND OF THE INVENTION

[0002] Integrated circuit designers have always sought the ideal
semiconductor memory: a device that can be randomly accessed, written or
read very quickly, is non-volatile but indefinitely alterable, and consumes little
power. Magnetic Random Access Memory (MRAM) technology has been

increasingly viewed as offering many of these advantages.



structure which is shown in nore detail in Figure 2. The magnetic nmenory

el enment includes ferromagnetic |ayers 17 and 19 separated by a nonmagnetic
| ayer 21.wOhe/ossmgneti zation in one ferronmagnetic | ayer 17pcCTyysozenshy
referred to as the pinned layer, is fixed in one direction. The

magneti zation of the other ferromagnetic |ayer 19, often referred to as
the sense layer, is not pinned, so its magnetization is free to switch
between "parallel” and "anti-parallel"” states relative to the

magneti zati on of the pinned | ayer. The sense |layer may also be referred to
as the "free" layer or storage layer, thus it should be understood that
when the term "sense |ayer"” is used, the neaning of this term should not be
limted to this term nology but rather the function the |ayer perforns.

[ 0004] The logical value or bit stored in an MRAM nenory el enent is

associ at ed 0033 rARIMRAM eleviat ugicallfdndlbdesrasdredyaofanagieticheemmnpr y

elenment is determned by the relative orientation of the sense |ayer

magnet i zat i @enédth 11 N6sRELA: the ihRkescPiibmest doaykic IMBgA¢bEMA GAc @61 ent at i on.
A parallel orientation of the magnetization of the sense |layer with

respect to thRdRBREH illdtRkeLin¥RgAR/ PBACHAHPRCGTALRAR ¢8Iy clement has a

structure which is shown in more detail in Figure 2. The magnetic memory
clement includes ferromagnetic layers 17 and 19 separated by a nonmagnetic
layer 21. The magnetization in one ferromagnetic layer 17, typically referred to
as the pinned layer, is fixed in one direction. The magnetization of the other
ferromagnetic layer 19, often referred to as the sense layer, is not pinned, so its
magnetization is free to switch between “parallel” and “anti-parallel” states
relative to the magnetization of the pinned layer. The sense layer may also be
referred to as the “free” layer or storage layer, thus it should be understood that
when the term “sense layer” is used, the meaning of this term should not be

limited to this terminology but rather the function the layer performs.

[0004] The logical value or bit stored in an MRAM memory element is
associated with a resistance value, and the resistance of the memory element is
determined by the relative orientation of the sense layer magnetization with
respect to the pinned layer magnetization orientation. A parallel orientation of

the magnetization of the sense layer with respect to the pinned layer



magneti zation results in a |l ow resi stance. Conversely, in response to the
anti- parallel orientation, the nagnetic nenory elenment will show a high
resi stanowo o3Pefeer ri ng to Figure 2, the manner in which tireTrussi/esance of
the nenory element is read is dependent on the type of material used to
formthe nonmagnetic spacer |layer 21 separating the pinned |ayer 17 from
the sense layer 19. |If the nonmagnetic spacer |layer 21 is nade froma
conducting material, such as copper, then the resistance value of the
menory el ement can be sensed via the giant nagnetoresi stance effect, which
usual Iy involves running a current parallel to the long axis 20 of the
menory elenment. |f the nonmagnetic spacer |ayer is conposed of an
insulating material, such as alum na, then the resistance value can be
sensed using the tunneling nmagnetoresi stance effect, and this is
acconplished by running a current perpendicular to the plane of the
nonnmagnet i ¢ nsdiareikati@y edsulld i 4 W thBraBeas EdnayBely 1B despdilie tpinadti-| ayer 17.
[0005] A logical "0" or "1" is usually witten into the magnetic nmenory

el ement by RPN Fe@%tiSh Ak MBAREE inferhb Sl démbNi WilBdho £a1ghi €@brafi.r ent)
that rotaté the magnetization direction’of the sense layer. Typically an

MRAM — menor i gL eBNG Higuldes B0 Ghahlr i \BhichNfic TRME A hOhedlod he sense

| ayer and

element is read is dependent on the type of material used to form the
nonmagnetic spacer layer 21 separating the pinned layer 17 from the sense layer
19. If the nonmagnetic spacer layer 21 is made from a conducting material,
such as copper, then the resistance value of the memory element can be sensed
via the giant magnetoresistance effect, which usually involves running a current
parallel to the long axis 20 of the memory element. If the nonmagnetic spacer
layer is composed of an insulating material, such as alumina, then the resistance
value can be sensed using the tunneling magnetoresistance effect, and this is
accomplished by running a current perpendicular to the plane of the

nonmagnetic spacer layer 21 from the sense layer 19 to the pinned layer 17.

[0005] Alogical “0” or “1” is usually written into the magnetic memory
element by applying external magnetic fields (via an electrical current) that
rotate the magnetization direction of the sense layer. Typically an MRAM

memory element is designed so that the magnetization of the sense layer and



3 WO 03/085674 PCT/ US03/07843 the pinned | ayer aligns along an axis known
as the easy axis 27. External nagnetic fields are applied to flip the

ori ent at iwo 08083he sense | ayer along its easy axis to ei rhgmusoherspar al | el
or anti-parallel orientation with respect to the orientation of the
magneti zati on of the pinned | ayer, depending on the logic state to be
stored. [0006] MRAM devices typically include an orthogonal array of row
and colum lines (electrical conductors) that are used to apply external
magnetic fields to the nagnetic nenory elenents during witing and may

al so be used to sense the resistance of a nenory el enent during reading.
Additional wite and read conductors nay also be present in the array. In
the two conductor level inplenentation shown in figure 1, the nagnetic
menory elenments are located at the intersections of the row 13 and col umm
15 lines. [0007] Referring to Fig. 1, the magnetic field that is generated
by runni ng ahe pitiednbyer Alighgdloh$ en avk kabwhi ddehd basysxtse¥2rEgdriiad herein as

the easy-axis wite field. The easy-axis wite field is collinear with the
easy axis 23nfnctibieM3AM applied to flip the orientation of the sense layer along its
easy axis to either the parallel or anti-parallel orientation with respect to the

orientation of the magnetization of the pinned layer, depending on the logic

state to be stored.

[0006] MRAM devices typically include an orthogonal array of row and
column lines (electrical conductors) that are used to apply external magnetic
fields to the magnetic memory elements during writing and may also be used to
sense the resistance of a memory element during reading. Additional write and
read conductors may also be present in the array. In the two conductor level
implementation shown in figure 1, the magnetic memory elements are located

at the intersections of the row 13 and column 15 lines.

[0007] Referring to Fig. 1, the magnetic field that is generated by running a
current through the column line 15 is referred to herein as the easy-axis write
field. The easy-axis write field is collinear with the easy axis 23 of the MRAM
bit 11 (Fig. 2a). The magnetic field that is generated when a current is run

through the row conductive line 13 is referred to as the hard-axis write field.



bit 11 (Fig. 2a). The nmagnetic field that is generated when a current is
run through the row conductive line 13 is referred to as the hard-axis
wite fiewd.034830 03/ 085674 PCT/ US03/ 07843 The har d- axi sPamriuses/éised d
generated by the row conductive line 13 runs parallel to the hard axis 25
of the MRAM bit 11. [0008] A nmenory elenent is selected for witing when it
is exposed to both a hard-axis and an easy-axis wite field. Each wite
field, by itself and when generated with only one of the two conductive
lines, is therefore commonly referred to as a half-select field because a
single field by itself should not be of sufficient magnitude to switch the
magneti zation orientation of the sense |ayer of a nenory elenent. In
practice, however, the hard-axis wite field is often referred to as the
hal f-select field, while the easy-axis wite field is often referred to as
the switching field. These two fields are used to performwite operations
on a speci f ithaendraxiselerdidld wheerasdiyi thd row comdjuutiat ionl irtis padle]l ot her by
passi ng current through conductors 13, 15 (Fig. 1) intersecting at the

sel ected elgmaatardThes D5 bf sheoMEUARE bikhe. sel ected nenory el enent bei ng
accessed for a

[0008] A memory element is selected for writing when it is exposed to both
a hard-axis and an easy-axis write field. Each write field, by itself and when
generated with only one of the two conductive lines, is therefore commonly
referred to as a half-select field because a single field by itself should not be of
sufficient magnitude to switch the magnetization orientation of the sense layer
of a memory element. In practice, however, the hard-axis write field is often
referred to as the half-select field, while the easy-axis write field is often referred
to as the switching field. These two fields are used to perform write operations
on a specific memory element when applied in conjunction with each other by
passing current through conductors 13, 15 (Fig. 1) intersecting at the selected
element. The bit stored at the selected memory element being accessed for a

read or write operation is referred to herein as a “selected bit”.

[0009] This method for selecting a bit for writing is not ideal. During a
write operation, the unselected memory elements coupled to the particular

column line 15 are exposed to the easy-axis write field. Similarly, the



read or wite operation is referred to herein as a "selected bit". [0009]
This nethod for selecting a bit for witing is not ideal. During a wite
oper at i onyotbesansel ect ed nmenory el enents coupl ed to the pamrttsezd7aue3 col umm
line 15 are exposed to the easy-axis wite field. Simlarly, the 5 WD

03/ 085674 PCT/ US03/ 07843 unsel ected nenory el enents 11 coupled to the
particular row line 13 are exposed to the hard-axis wite field. It is
thus inportant to limt stray nagnetic fields in the array of MRAM nenory
el ements to a value that cannot cause half-selected bits to be witten.
Some sources of stray fields include fields from neighboring wite
conductors, stray fields emanating fromthe ferronmagnetic |ayers of

nei ghbori ng nenory el enents, and fields generated by sources external to

t he MRAM devi ce. These stray fields may also inhibit a selected nenory

el ement frombeing witten, if the conbined value of the stray, hard- axis,
and easy- axi snsklcetedsmemotpelesentd 1 ¥ osupdedid theoparticwint tdveline ABatdrer sour ce
of non-ideal behavior that manifests itself in the wite current required

g ]9 \AI\/’rR:A JI[VI € a RENYEHRTRNE-kRSHfiteSield. oTnié eusdhdporaut ty Lt stalyiRgembicar r ay
fields in the array of MRAM memory elements to a value that cannot cause
half-selected bits to be written. Some sources of stray fields include fields from
neighboring write conductors, stray fields emanating from the ferromagnetic
layers of neighboring memory elements, and fields generated by sources
external to the MRAM device. These stray fields may also inhibit a selected
memory element from being written, if the combined value of the stray, hard-
axis, and easy-axis fields is too small for a bit to be written. Another source of
non-ideal behavior that manifests itself in the write current required to write a
memory element results from the difficulty in making an array of MRAM
memory elements that respond identically to the applied write fields. Some
sources of this effect include variations in element-to-element geometry,
variations in element-to-element magnetic properties, and thermally activated
magnetization fluctuations. Therefore, the particular value of the hard and

casy-axis write fields, and thus the row and column line write currents, is a

compromise such that selected memory elements are selected with enough



menory el enments that respond identically to the applied wite fields. Sonme
sources of this effect include variations in elenent-to-elenent geonetry,
vari at i onwoiog/ogdeesent -t o- el enent magneti c properties, andPpcharsozbisys
activated nmagnetization fluctuations. Therefore, the particular value of
the hard and easy-axis wite fields, and thus the row and columm I|i ne
wite currents, is a conpromse such that selected nenory el enents are
selected with enough 6 WD 03/ 085674 PCT/ US03/ 07843 margin that they are

al ways written and unsel ected nenory el enents are never exposed to a field
| arge enough that they are unintentionally witten. [0010] Thermal effects,
such as superparanmagnetismor thermally activated nmagnetization reversal
and the effect of stray fields emanating from neighboring bits may cause
problens in MRAM devi ces. Either of these of these nmechani sns can result
in unpredictable wite and read behavior. Using a conventional

si ngl e- | ay erms@jis thal aysrare blvese wefttecdi®l whselectrel mxmbeyrekemedtsfdre agvdr t o
overconme as the bit density of the MRAM device is increased. [0011] Ther mal

fluctuation dxBoseds@eimidldliargtiRhbUsh Haltithe, IR GIAHeARbSally written.
[0010] Thermal effects, such as superparamagnetism or thermally activated
magnetization reversal, and the effect of stray fields emanating from
neighboring bits may cause problems in MRAM devices. Either of these of
these mechanisms can result in unpredictable write and read behavior. Using a
conventional single-layer sense layer, these effects will be extremely difficult to

overcome as the bit density of the MRAM device is increased.

[Obll] Thermal fluctuation in a seemingly unfluctuating macroscopic
observable quantity, such as the magnetization of a ferromagnetic material, is
an abstract concept. The orientation and magnitude of the magnetization of a
ferromagnetic material are in actuality statistical quantities. In any material,
fluctuations in thermal energy are continually occurring on a microscopic scale,
where the magnitude of the thermal fluctuations is determined by the
temperature T of the material. These fluctuations when averaged over the
entire volume of the specimen in question determine the macroscopically

observable property of the system. On a microscopic level, the probability for



observabl e quantity, such as the nmagnetization of a ferromagnetic nmateri al
is an abstract concept. The orientation and magni tude of the magnetization
of a ferwomagssstic material are in actuality statistical pquarsod/oises. | n
any material, fluctuations in thermal energy are continually occurring on
a mcroscopic scale, where the magnitude of the thermal fluctuations is
determ ned by the tenperature T of the material. These fluctuations when
averaged over the entire volunme of the specinen in question determne the
macroscopi cally observable property of the system On a microscopic |evel,
the probability for 7 WD 03/085674 PCT/US03/07843 any atomin a
ferromagnetic nmaterial to have a magnetic nonent oriented in a particular
direction is proportional to the Boltzmann factor, el" xbT Here, Uis the
energy associated with, in this case, a particular magnetic nonent
orientation and Kb is Boltzman's constant. As the energy of a particul ar

atom ¢ nonediy RomeRtafeiromagactie afkesial @6 hak almagieddusomber di@itédin gner gy
i ncreases, the |ikelihood of an atom having a nonent oriented in a

particul ar obarrﬁ@alhpaaréc%n @pfdﬁ%ﬁﬁoﬂﬁrtbqgc BblthiABn PREHLRIEST I Achey fsati o of
U KbT becones small enough,

the energy associated with, in this case, a particular magnetic moment
orientation and K, is Boltzman’s constant. As the energy of a particular atomic
moment orientation decreases, or as T and thus the thermal energy increases,
the likelihood of an atom having a moment oriented in a particular direction for
a fixed period of time decreases. If the ratio of U/ K, T becomes small enough,
the magnetic moment of the atom will spontancously change direction under
the influence of thermal fluctuations. The sense layer of an MRAM memory
element may be thought of as a collection of atomic magnetic moments or
spins that are tightly coupled together and aligned in the same direction. The
energy required to orient the magnetization of the sense layer can thus be
considered as the product of some energy density times the volume of the sense
layer, U, = UV. As the temperature increases or as the sense layer volume
decreases, the likelihood of the sense layer to be found in a particular
orientation decreases. Again, if U, / K, T is small, the orientation of the sense
layer’s magnetization is unstable to thermal fluctuations. Memory bits that are

characterized by low values of U, / K, T tend to have poor data retention



the magnetic nonent of the atomw || spontaneously change direction under
the influence of thermal fluctuations. The sense | ayer of an MRAM nenory

el enent mMaQ oBesishought of as a coll ection of atom ¢ nmagnePCE/USONEISEE Or
spins that are tightly coupled together and aligned in the sanme direction.
The energy required to orient the magnetization of the sense |ayer can
thus be considered as the product of sone energy density tinmes the vol une
of the sense layer, U,,,, = W. As the tenperature increases or as the
sense | ayer volunme decreases, the likelihood of the sense |ayer to be
found in a particular orientation decreases. Again, if U W/ KbT is small,
the orientation of the sense |layer's nagnetization is unstable to thernal
fluctuations. Menory bits that are characterized by |ow values of U, /
KbT tend to have poor data retention 8 WO 03/085674 PCT/ US03/07843 timnes.
Wait | ong enough and a fluctuation can spontaneously reverse the

magnet i zat i times. AWaigoag icoonglirang adluetmetiont daatspoatansoosly evesushy reverse its
magneti zation on a time scale short conpared to the required data retention
time is saighagRethavenhiA mafeetstipemoay aagnetha dahBpéntaAGoushereverse its

super par anagneti c
magnetization on a time scale short compared to the required data retention
time is said to have hit the superparamagnetic limit. As the superparamagnetic
limit is approached, magnetic memory ¢lements also become more susceptible
to half-select write events or the occasional inability to write a selected memory
element, as a thermal fluctuation may inhibit a bit from writing in a specified
time interval, or it may write a half-selected bit in a specified time interval.
Note that increasing MRAM memory density necessitates a decrease in the
volume of an MRAM bit and thus pushes the technology closer to the

superparamagnetic limit or to the regime where thermal fluctuation becomes a

problem.

[0012] Conventional MRAM memory elements also suffer from inter-bit
interactions resulting from stray magnetic fields that emanate from the
magnetic memory element 11 sense layers. The sense layer of an MRAM
memory ¢lement 11 produces stray fields because it is not a closed magnetic

flux structure. It thus forms poles at the edges of the sense layer in response to



limt is approached, magnetic nmenory el enents al so becone nore susceptible
to half-select wite events or the occasional inability to wite a selected
menory ewermnsie7as a thermal fluctuation may inhibit a biPCTfusomui ting in
a specified tinme interval, or it may wite a half-selected bit in a
specified tine interval. Note that increasing MRAM nenory density
necessitates a decrease in the volune of an MRAM bit and thus pushes the
technol ogy closer to the superparamagnetic limt or to the regime where
thermal fluctuation beconmes a problem [0012] Conventional MRAM nenory

el ements al so suffer frominter-bit interactions resulting fromstray
magnetic fields that emanate fromthe nagnetic nenory el enent 11 sense

| ayers. The sense | ayer of an MRAM nenory el enent 11 produces stray fields
because it is not a closed magnetic flux structure. It thus forns pol es at
t he edges of the sense layer in response to 9 WO 03/085674 PCT/ US03/ 07843

t he ori ent athk@rieatatidneofSihn sense dayer mugmoetdtoat. i Dine ofibmtavon eftlat stoxy of t he
stray field therefore changes with the orientation of the magneti zati on of
a sense field therefore changes with the orientation of the magnetization of a sense

layer in a memory element. The stray fields produced by these poles decrease in
value with increasing distance from the sense layer. At any memory element in
an MRAM array, the stray fields from the neighboring bits may, however, be
significant compared to the field required to switch the bit. In future MRAM
designs, memory elements will need to be packed together more closely, which
will compound this problem. A need therefore exists to reduce the stray fields
produced by the magnetic layers in an MRAM memory element and reduce

memory element sensitivity to thermal fluctuations.

SUMMARY OF THE INVENTION

[0013] The present invention provides a method and apparatus, which
minimizes problems associated with increased MRAM memory density due to
thermal fluctuation instability and stray field interactions, through the use of an

improved sense layer. The proposed stack of the modified MRAM bit 11 is

10



| ayer in a nenory elenent. The stray fields produced by these pol es
decrease in value with increasing distance fromthe sense |ayer. At any
menory elwowansied an MRAM array, the stray fields fromtRreTrEs0gbMsas i ng
bits may, however, be significant conpared to the field required to switch
the bit. In future MRAM designs, nenory elenents will need to be packed
together nore closely, which wll conmpound this problem A need therefore
exists to reduce the stray fields produced by the nagnetic layers in an
MRAM nmenory el enent and reduce nenory el enent sensitivity to thernal
fluctuations. SUMVARY OF THE | NVENTI ON [ 0013] The present invention

provi des a net hod and apparatus, which mnimzes problens associated with
i ncreased MRAM nenory density due to thernmal fluctuation instability and
stray field interactions, through the use of an inproved sense |ayer. The
proposed stack of the nodified VRAM bit 11 is 10 WO 03/ 085674

PCT/ US03/ 07&x#Btrucedswithi atsgiokheiic fereimagnetwstthe sémserdayeag e sassetlipersense

| ayer. The sense layer is designed so that the synthetic ferrimgnet's

f er r omagnet d@igreaoshat ehelwphthesit feryimagnet’s ferromagnetic layers are both stray

field coupled and antiferromagnetically exchange coupled via an RKKY
interaction through a spacer layer composed of a metallic compound, such as

Ru or Cu.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the invention will be better
understood from the following detailed description, which is provided in

connection with the accompanying drawings.

Figure 1 shows a top section view of a portion of an array of magnetic

memory elements in an MRAM magnetic memory device;

Figure 2a shows a perspective view of a simplified Fig. 1 magnetic

memory bit;

Figure 2b shows a top view of a magnetic memory bit constructed in

accordance with an exemplary embodiment of the invention;

11



field coupled and antiferromagnetically exchange coupl ed via an RKKY
interaction through a spacer |ayer conposed of a netallic conpound, such as
Ru or Cu.wBRBES56DESCRI PTI ON OF THE DRAW NGS These and ot hecTtfusat/erses and
advant ages of the invention will be better wunderstood fromthe follow ng
detail ed description, which is provided in connection with the
acconpanyi ng drawi ngs. Figure 1 shows a top section view of a portion of an
array of magnetic nenory elements in an MRAM rmagneti c nenory devi ce;
Figure 2a shows a perspective view of a sinplified Fig. 1 nmagnetic nenory
bit; Figure 2b shows a top view of a magnetic menory bit constructed in
accordance with an exenpl ary enbodi nent of the invention; 11 WO 03/085674
PCT/ US03/ 07843 Figure 3 shows a cross section view of a nagnetic nenory

el ement constructed in accordance with an exenplary enbodi nrent of the

i nvention; Figure 3 shows a cross section view of a magnetic memory element

constructed in accordance with an exemplary embodiment of the invention;

Figure 4 shows a cross section view of a magnetic memory element
sense layer constructed in accordance with an exemplary embodiment of the

invention displaying magnetic field and magnetic moment attributes;

Figure 5 shows the relationship between stray field and synthetic

ferrimagnet top layer thickness for an exemplary embodiment of the invention;

Figure 5b shows a cross section view of a magnetic memory element
sense layer constructed in accordance with an exemplary embodiment of the

invention;

Figure 5¢ shows a view of two neighboring bits with stray fields from

one bit interacting with the neighboring bit;

Figure 6 shows a comparison of a magnetic hysteresis loop for a
magnetic memory element constructed in accordance with an exemplary
embodiment of the invention with a hysteresis loop for a sense layer without a

synthetic ferrimagnet;

12



Figure 4 shows a cross section view of a magnetic nmenory el enent sense

| ayer constructed in accordance wth an exenpl ary enbodi nent of the

i nvent i orwaiospssayd ng magnetic field and nagneti c nonent atCmiusot/ess3 Fi gure
5 shows the relationship between stray field and synthetic ferrinmagnet top
| ayer thickness for an exenplary enbodi ment of the invention; Figure 5b
shows a cross section view of a nagnetic nenory el enent sense | ayer
constructed in accordance with an exenplary enbodi nrent of the invention;
Figure 5¢c shows a view of two neighboring bits with stray fields from one
bit interacting with the neighboring bit; Figure 6 shows a conparison of a
magneti c hysteresis loop for a magnetic nenory el enent constructed in
accordance with an exenplary enbodinent of the invention with a hysteresis
| oop for a sense layer without a synthetic ferrinmagnet; 12 WO 03/ 085674
PCT/ US03/ 07843 FFigure7 éhewowsompadsgpnof s oagnétiahysaguss labphfpsheresi s | oop

for a
magnetic memory element sense layer constructed in accordance with an
exemplary embodiment of the invention as compared to a hysteresis loop for a

magnetic memory element sense layer without antiferromagnetic RKKY

exchange coupling;

Figure 8 shows a comparison of magnetic field intensity required to
perform a write operation on a synthetic sense layer constructed in accordance
with an exemplary embodiment of the invention when antiferromagnetic RKKY

exchange coupling is varied;

Figure 9 shows a processing sequence for manufacturing a magnetic
memory element in accordance with an exemplary embodiment the invention;

and

Figure 10 shows a processor system incorporating MRAM memory
devices having memory elements constructed in accordance with an exemplary

embodiment of the invention.
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magneti c nenory el ement sense | ayer constructed in accordance with an
exenpl ary enbodi nent of the invention as conpared to a hysteresis |oop for
a nmagnetwo me8wry el ement sense | ayer without antiferronRgmatSodoRIKKY
exchange coupling; Figure 8 shows a conparison of magnetic field intensity
required to performa wite operation on a synthetic sense | ayer
constructed in accordance wth an exenplary enbodi nent of the invention
when antiferromagneti c RKKY exchange coupling is varied; Figure 9 shows a
processi ng sequence for manufacturing a nagnetic nenory elenent in
accordance wth an exenpl ary enbodi nent the invention; and Figure 10 shows
a processor systemincorporati ng MRAM nenory devi ces havi ng nenory

el enents constructed in accordance with an exenplary enbodi nent of the

i nvention. 13 WD 03/085674 PCT/ US03/ 07843 DETAI LED DESCRI PTI ON OF THE

| NVENTI ON:

DETAILED DESCRIPTION OF THE INVENTION:
[0014] Referring to the drawings, Fig. 1 illustrates a top view of a simplified
portion of an array 9 of magnetic tunnel junction memory elements 11. A
plurality of column conductive lines 15, also called column lines, is each
respectively formed over a plurality of memory elements 11 in each column of
the array 9. A plurality of row conductive lines 13, also called a row lines, is
cach respectively formed beneath the memory elements 11 in each row of the
array 9. The row lines 13 supply the hard-axis magnetic field, also known as a
half-select field to the memory elements 11, while the column lines 15 supply
the easy-axis switching field to the memory elements 11. Thus, to write to a
particular memory element 11 requires signals on both lines 13 and 15 for the
selected memory element 11. The row 13 and column 15 lines can also be
used to read magnetic memory elements 11 in addition to writing the memory

elements 11.

[0015] As is well known, the array 9 can also be constructed with row line
13 above and the column line 15 below each memory element 11. Although

Fig. 1 depicts one arrangement for an MRAM array, others are also possible.

14



[0014] Referring to the drawings, Fig. 1 illustrates a top view of a
sinplified portion of an array 9 of magnetic tunnel junction nenory
el enent s W0.038856p4 ural ity of columm conductive |ines 15, &Csasoxdisesl col umm
lines, is each respectively formed over a plurality of nenory el enents 11
in each colum of the array 9. A plurality of row conductive |ines 13,
also called a rowlines, is each respectively forned beneath the nenory
el enents 11 in each row of the array 9. The row lines 13 supply the
hard-axis magnetic field, also known as a half-select field to the nenory
el ements 11, while the colum lines 15 supply the easy-axis sw tching
field to the nenory elenents 11. Thus, to wite to a particular nenory
el enent 11 requires signals on both Iines 13 and 15 for the selected
menory el enment 11. The row 13 and colum 15 |lines can also be wused to read
magnetic nenory elenents 11 in addition to witing the nenory elenments 11.
[ 0015] As i Alsoeh plucalttwof atrhgs @of anentorg ztenadree 1 benaydmspravoteddnwnt h row | i ne
13 above and the colum |ine 15 bel ow each nenory el enent 11. Although
T49' 1 depi MBARN@eadrpdgabe stacked oo afHeay Alsol heddsng@ofthzl so possi bl e.
magnetic memory elements 11 can be accomplished using a variety of
conductors as well as conductor arrangements including additional or different

conductors situated above, below or in the same layer as the sense layer.

[0016] Fig. 2a shows a perspective view of a magnetic tunnel junction
memory bit 11, which is simplified for illustration purposes. A first
ferromagnetic layer 17, formed of a plurality of stacked thin magnetic layers,
and a second ferromagnetic layer 19, formed of another plurality of stacked thin
magnetic layers, are formed with an insulating non-magnetic spacer layer 21
such as alumina between them. The width (W) of the memory element 18 is
defined as the distance along the hard-axis 25 of the memory element’s sense
layer. The length (L) of the memory element 20 is defined as the distance
along the easy magnetic axis 23 of the memory element’s sense layer. The
length (L) dimension 20 of the memory element 11 is normally larger than the
memory element’s width dimension (W) 18. The aspect ratio of the sense layer

may be defined as L/W. The sense layer 19 is manufactured to have a
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WO 03/085674 PCT/US03/07843 Also, a plurality of arrays 9 of nenory

el ements 11 may be provided in an NMRAM nenory devi ce stacked one over the
ot her. Alwo,03n08®d4 ng of the magnetic nenory elenments 11 ®@an/use3/07843
acconplished using a variety of conductors as well as conductor
arrangenments including additional or different conductors situated above,
below or in the sanme | ayer as the sense |ayer. [0016] Fig. 2a shows a
perspective view of a magnetic tunnel junction nenory bit 11, which is
sinplified for illustration purposes. A first ferromagnetic |ayer 17,
formed of a plurality of stacked thin magnetic |ayers, and a second
ferromagnetic |ayer 19, fornmed of another plurality of stacked thin
magnetic | ayers, are forned with an insul ati ng non-nmagnetic spacer |ayer 21
such as al um na between them The width (W of the nmenory elenent 18 is
defined as the distance along the hard-axis 25 of the nenory elenent's
sense | ayeprefdrhel denfyir hhé byo efuilibeunremapyetetacivamho@Oni erickethiioed2ds t he

di stance along the easy nagnetic axis 23 of the nenory el enent's sense

|l ayer. The of giegelsd layerdioinic aBsetde of ah Appleiwaynelci@ai( H)l Tieraaremal |y

| arger than the nmenory elenent's wdth dinension (W 18. The aspect ratio
of the sensgyd @¥&ible directions of the magnetization of the sense layer 19 along the
easy-axis 23, which defines the two magnetic moment states 27 of the sense
layer 19. In contrast, the pinned layer 17 may be fabricated to only have one
equilibrium or preferred magnetic moment direction of magnetization and this
direction is usually parallel to the easy axis 23 of the sense layer 19. The

magnetic moment 27 of the sense layer 17 prefers to align along the L

dimension 20, or easy axis 23, of the magnetic memory element 11.

[0017] While Figs. 1 and 2a show a memory element 11 which is
rectangular in shape, it must be understood that the memory elements 11 may
be formed in any desired shape, including in an ellipsoid shape, such as shown
in Fig. 2b. Bit shapes other than a rectangle may be used to improve the
magnetic characteristics of an array of memory elements. This invention is
applicable to memory elements of various shapes, and is thus not restricted to

the rectangular bit shape shown in Figure 2a.
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may be defined as L/'W The sense |ayer 19 is manufactured to have a 15 WO
03/ 085674 PCT/ US03/ 07843 preferred axis for the two equilibrium
magnet i zawoDama/ogsment orientations 27 of the sense | ayer P@TIUsos/bms4nbsence
of an applied magnetic field (H). There are two possible directions of the
magneti zati on of the sense |layer 19 along the easy-axis 23, which defines
the two nagnetic nonent states 27 of the sense layer 19. In contrast, the
pi nned | ayer 17 nmay be fabricated to only have one equilibriumor
preferred magneti c nonment direction of magnetization and this direction is
usually parallel to the easy axis 23 of the sense |layer 19. The magnetic
nmonment 27 of the sense layer 17 prefers to align along the L dinension 20,
or easy axis 23, of the magnetic nmenory elenent 11. [0017] While Figs. 1
and 2a show a nenory elenent 11 which is rectangular in shape, it nust be
understood that the nenory elenents 11 may be fornmed in any desired shape,
i ncl udi ng i POEI8 kI IHigsdslibwhapexensplady improveahnaghdticiugnelJonct®hit  shapes
other than a rectangle nay be used to inprove the magnetic characteristics
of an arr aynindr @RnyerlseiFR N ScondttiSetl iy 8Eddr@ihdeSvith the invention. The

memory element 11 is formed of a series of layers of materials formed one on

top of the other between a word line conductor 13 and a column line

conductor 15. The magnetic tunnel junction stack of Fig. 3 from bottom to

top comprises a substrate 31, an insulator layer 33, the non-ferromagnetic

metal conductive row line 13, a non-magnetic metal layer 35, a seed layer 37

for growth of an antiferromagnetic (AF) material layer 39, a first ferromagnetic

layer 41, the antiferromagnetic layer 39 and first ferromagnetic layers 41

comprising a pinned layer 43, a non-magnetic tunnel barrier layer 45, a second

ferromagnetic layer 47, a conductive spacer layer 49, a third ferromagnetic layer

51, a non-ferromagnetic metal layer 55, and the conductive column line 15. A

synthetic ferrimagnet is provided as sense layer 53 comprising the second

ferromagnetic layer 47, spacer layer 49 and third ferromagnetic layer 51. The

second ferromagnetic layer 47, spacer layer 49 and the third ferromagnetic layer

51 are constructed so that the second ferromagnetic layer 47 and the third

ferromagnetic layer 51 are both antiferromagnetically exchange coupled via an

RKXKY interaction through the conductive spacer layer 49 and stray field
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applicable to nenory el enents of various shapes, and is thus not restricted
to the rectangular bit shape shown in Figure 2a. 16 WO 03/085674

PCT/ US03/W0848856f0018] Fig. 3 shows an exenpl ary i nprovedpoagrses/oms43 unnel
junction nenory el enent stack 11 constructed in accordance with the
invention. The nenory element 11 is fornmed of a series of |ayers of
materials formed one on top of the other between a word |ine conductor 13
and a colum line conductor 15. The magnetic tunnel junction stack of Fig.
3 frombottomto top conprises a substrate 31, an insulator |layer 33, the
non-ferromagnetic mnetal conductive row line 13, a non-nmagnetic netal |ayer
35, a seed layer 37 for growth of an antiferromagnetic (AF) material |ayer
39, a first ferromagnetic |ayer 41, the antiferromagnetic |ayer 39 and
first ferromagnetic |layers 41 conprising a pinned | ayer 43, a non-nagnetic
tunnel barrier |layer 45, a second ferromagnetic |ayer 47, a conductive
spacer | ayetouffled as funtledl ckpluimedbghwt.i RKK&iaterachibn, alsonefvarasehagnet i ¢ net al
| ayer 55, and the conductive columm line 15. A synthetic ferrimagnet is
provi ded asRe@BSRad-RY@El-RadufONBEUS kb ri 116 a 56N f effective interaction of

spins in a metal.

[0019] The terms ferromagnetic, antiferromagnetic, ferrimagnetic, and
paramagnetic need to be described in more detail. A ferromagnetic material
can be considered to be a material composed of atoms, with magnetic
moments or more accurately, “spins”, that tend to align parallel to each other
in equilibrium. Because the spins of the atoms align parallel to each other, the
material has what is known as a spontaneous magnetization, that is, it has a net
magnetic moment in the absence of an applied field. This is strictly only true
on small length scales. When ferromagnetic substances are large enough, they
break up into magnetic domains which reduces the energy associated with stray
fields emanating from the material and is thus energetically favorable. Note
that in order for the spins of neighboring atoms in a material to align parallel to
each other there must be some sort of interaction between the atoms. This
interaction is a quantum mechanical effect, known as exchange interaction.

The exchange interaction alternatively may be described in terms of an
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ferromagnetic | ayer 47, spacer layer 49 and third ferromagnetic |ayer 51.
The second ferronmagnetic |ayer 47, spacer |layer 49 and the third

f err omagnwDios/oBwy€r 51 are constructed so that the seconecrarsosnmghetic
| ayer 47 and the third ferromagnetic |layer 51 are both
antiferromagnetically exchange coupled via an RKKY interaction through the
conductive spacer |layer 49 and stray field 17 WO 03/085674 PCT/ US03/ 07843
coupl ed as further explained bel ow RKKY interaction, also known as the
Ruder man- Ki tt el - Kasuya- Yosi da theory, is a nodel of effective interaction
of spins in a netal. [0019] The terns ferromagnetic, antiferronmagnetic,
ferrimagnetic, and paramagnetic need to be described in nore detail. A
ferromagnetic material can be considered to be a material conposed of
atons, with nagnetic nonments or nore accurately, "spins", that tend to
align parallel to each other in equilibrium Because the spins of the

at ons al i gnepdiangt Btldt Forabb patpuse of thie disniabeare| alpobiase wilat of shdknown as a
spont aneous nagnetization, that is, it has a net magnetic nonment in the
absence of amhapge field denekdt. a fEhiosndgBiett Ed@pling utverd hbighboring spins.

Some common ferromagnetic materials include the elements Ni, Fe, and Co,

and various alloys, the most common of which is NiFe.

[0020] Antiferromagnetism is type of magnetism in solids, such as
manganese oxide (MnO) in which adjacent ions that behave as tiny magnets
(e.g. manganese ions, Mn2 +) spontaneously align themselves at relatively low
temperatures into opposite, or antiparallel, arrangements throughout the
material so that the material exhibits almost no gross external magnetism. In
antiferromagnetic materials, which include certain metals and alloys in addition
to some ionic solids, the magnetism from magnetic atoms or ions oriented in
one direction is canceled out by the set of magnetic atoms or ions that are
aligned in the opposite direction. For the purpose of this invention,
antiferromagnetic exchange coupling will denote a negative value of the
exchange field. Antiferromagnetic materials are known and can be constructed
or found in nature. Examples of relevant antiferromagnetic materials that are
often used to pin the pinned layer of an MRAM memory element include

FeMn, NiMn, PtMn, and IrMn.
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on small length scales. When ferromagneti c substances are | arge enough,
they break up into nagnetic domains which reduces the energy associ ated
Wi th strawyo oBiogdeds emanating fromthe material and is thuecansogetsuizal |y
favorable. Note that in order for the spins of neighboring atons in a
material to align parallel to each other there nust be sone sort of
interaction between the atons. This interaction is a quantum nechani cal
ef fect, known as exchange interaction. The exchange interaction
alternatively may be described in terms of an 18 WD 03/ 085674
PCT/ US03/ 07843 exchange field. For the purpose of this disclosure, a
positive value of the exchange field denotes a ferromagnetic coupling
bet ween nei ghboring spins. Sonme common ferromagnetic materials include the
el ements Ni, Fe, and Co, and various alloys, the nost common of which is
Ni Fe. [0020[001t] f &k siompdg feetimegnets: mygEeiabivonblbebne mhich sebingesedoch as
manganese oxi de (MO in which adjacent ions that behave as tiny magnets
(e. g. manganaghetion®mshhizh Hiffespanpanedus! on AltegneshiigrmedyyeThat rel atively
| ow tenperatures into opposite, or antiparallel, arrangenents throughout
the exchange coupling between neighboring atoms is antiferromagnetic so that the

different sub lattices are oriented in opposite directions. Because the spins

associated with the different sub lattices are different, a net magnetization exists

in equilibrium. Ferrimagnets thus can exhibit a spontaneous magnetization.

The most commonly observed class of materials that are ferrimagnets are

ferrites.

[0022] A paramagnet is a magnetic material where thermal fluctuation
energy is so strong that it overwhelms the exchange interaction between
neighboring spins. In these materials, the random orientation of the atomic
spins results in zero net magnetization in the absence of an applied magnetic
fiecld. When a magnetic field is applied to these materials, it becomes more
probable for some fraction of the spins to align parallel to the applied field. As
the applied field is increased, the magnetization of the paramagnet increases.
Common paramagnetic materials include Al and K. Note also that
ferromagnetic materials become paramagnetic at high temperatures, where the
effect of thermal fluctuation overwhelms the exchange interaction. This

temperature is known as the Curie temperature.
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material so that the material exhibits al nost no gross external magnetism
In antiferromagnetic materials, which include certain netals and alloys in
addi ti on woo3msgrset i oni ¢ sol ids, the nmagnetism from nmagnet PCTAIS0O31€78€3 | ONS
oriented in one direction is canceled out by the set of magnetic atons or
ions that are aligned in the opposite direction. For the purpose of this

i nvention, antiferromagnetic exchange coupling wll denote a negative
value of the exchange field. Antiferronagnetic materials are known and can
be constructed or found in nature. Exanples of relevant antiferromagnetic
materials that are often used to pin the pinned | ayer of an MRAM nenory

el ement include FeMh, NiWh, PtM1, and Irivh. 19 WO 03/085674 PCT/US03/ 07843
[0021] A sinple ferrimagnetic material would be one which is conposed of
magnetic atons with different spin values on internmeshing arrays. The
exchange co[i@023p bBirovEsromegadtiedaenrgcat onexchangntofpded wreghedther so t hat
the different sub lattices are oriented in opposite directions. Because

the spins agsaghatm-Rddmdgheridind@ifNinSty Rt iscofpraftantorfageent . a net
magnet 1 zatl on exi sts
MRAM technology. Two ferromagnetic layers can be antiferromagnetically
coupled, that is forced to align in opposite directions, by stacking one layer, e.g.
the third ferromagnetic layer 51, on top of the other layer, e.g. the second
ferromagnetic layer 47, with a thin conductive spacer layer, e.g. layer 49,
between the two layers 47, 51. The stack of two antiferromagnetically coupled
ferromagnetic layers is often referred to as a synthetic ferrimagnet if the net

moment of ferromagnetic layers does not cancel and as a synthetic

antiferromagnet if the net moment of the stack is zero.

[0024] The relevant exchange coupling occurring across the conducting
spacer layer 49 is antiferromagnetic and is often called RKKY coupling. The
Ruderman-Kittel-Yasuya-Yoshida (RKKY) interaction between localized
magnetic moments is an exchange interaction mediated by conduction
electrons of a host metal. In general, this exchange coupling decreases in
magnitude and oscillates between ferromagnetic coupling and
antiferromagnetic coupling with increasing spacer layer 49 thickness. The
oscillation of the magnetic coupling between ferromagnetic and

antiferromagnetic alignment, as a function of interlayer thickness, is a general
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in equilibrium Ferrimagnets thus can exhibit a spontaneous nagnetizati on.
The nost conmmonly observed class of materials that are ferrimgnets are
ferrites.wpll@8j67/A paranagnet is a magnetic material wher @CriEesosrais43
fluctuation energy is so strong that it overwhel ns the exchange
interaction between neighboring spins. In these materials, the random
orientation of the atomc spins results in zero net magnetization in the
absence of an applied magnetic field. When a magnetic field is applied to
these materials, it becones nore probable for sonme fraction of the spins
to align parallel to the applied field. As the applied field is increased,
the magneti zati on of the paranmagnet increases. Conmobn paranagnetic
materials include Al and K Note also that ferromagnetic materials becone
paramagnetic at high tenperatures, where the effect of thermal fluctuation
over whel ms  phencexatangfrrimsit@sragiciab ferrdagnets sappated by e nomnkagoenic as t he
Curie tenperature. 20 WO 03/085674 PCT/ US03/07843 [0023] Two ferromagnetic
| ayers can bsnhdxebangeriseupl ed to each ot her

[0025] The spacer layer, ¢.g. 49, of a synthetic ferrimagnet or

antiferromagnet must be of suitable thickness and composed of a suitable

material (e.g. Ru Cu, or various alloys) so that the exchange coupling produced

between the two ferromagnetic layers is antiferromagnetic and of the desired

magnitude. Two mechanisms for antiferromagnetic coupling are used in this

invention. They are stray ficld coupling, which is a result of the fields

emanating from the edges of layers 47 and 51, and exchange coupling, which is

an interaction that occurs through the spacer layer 49. For all intents and

purposes, stray field coupling is not relevant until the magnetic memory

clement has been patterned. Exchange coupling through the spacer layer 49,

exists immediately after the magnetic films are deposited. Stray field coupling is

dependent on magnetic memory clement size, and the exchange coupling

through the spacer layer 49 is independent of the memory element’s L and W

dimensions.
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t hrough a non-ferromagnetic material, and this effect is of great

i nportance in MRAM technol ogy. Two ferromagnetic |ayers can be
antiferrowagnesiccal |y coupled, that is forced to align i rcapmosntses
directions, by stacking one layer, e.g. the third ferromagnetic |ayer 51,
on top of the other layer, e.g. the second ferromagnetic layer 47, with a
thin conductive spacer |ayer, e.g. |layer 49, between the two |ayers 47,
51. The stack of two antiferromagnetically coupled ferromagnetic |ayers is
often referred to as a synthetic ferrinmagnet if the net nonent of
ferromagnetic | ayers does not cancel and as a synthetic antiferromagnet if
the net nonment of the stack is zero. [0024] The rel evant exchange coupli ng
occurring across the conducting spacer layer 49 is antiferromagnetic and
is often called RKKY coupling. The Ruderman-Kittel-Yasuya-Yoshida (RKKY)
interaction between |ocalized nagnetic nonents is an exchange interaction

nedi at ed by[@EY6CiHigire 4£dhemisraoREcmbtiardpsdentiionl of al dtogestetiah of khi s
exchange coupling decreases in nmagnitude and oscill ates between

ferromagnet ok QiR @RGic sBidel hRY HORBRANSBIJF 28 MRIAM HeVick 'whiRRHARST NY
spacer | ayer 49 thickness. The oscillation of the magnetic coupling

between fer {OWRANG 4 Mimensions and parameters essential for describing the

invention. The synthetic ferrimagnetic sense layer 53, is composed of two
ferromagnetic layers 47 and 51, separated by a conducting metal spacer 49, that
is neither ferromagnetic nor antiferromagnetic. The three layers of the
synthetic ferrimagnetic sense layer 53 are patterned into a shape with a length L
and width W. It is assumed for the purpose of disclosing the synthetic
ferrimagnetic sense layer that the shape is an ellipse, but it need not be
restricted to an ellipse in order to practice the invention. Layer 47 is composed
of a ferromagnetic material with magnetization M1, saturation magnetization
Msatl, and a thickness t1 such that if layer 47 was magnetically isolated from
the rest of the stack, it would have a coercivity of Hcl. In the absence of an
applied magnetic field, M1 will orient in one of two possible directions along
an casy axis. Likewise, layer 51 is composed of a ferromagnetic material with
magnetization M2, saturation magnetization Msat2 and thickness t2, such that
if layer 51 was magnetically isolated from the stack, it would have a coercivity of

Hc2. In the absence of an external magnetic field, M2 will orient along an easy
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antiferromagnetic alignment, as a function of interlayer thickness, is a
general 21 WO 03/085674 PCT/ US03/ 07843 phenonenon of transition neta
f err omagrw0308a4 at ed by a nonmagnetic conducti ve i nt er Payarso3)BeR5] The
spacer |layer, e.g. 49, of a synthetic ferrinmagnet or antiferronagnet nust
be of suitable thickness and conposed of a suitable material (e.g. Ru Cu,
or various alloys) so that the exchange coupling produced between the two
ferromagnetic layers is antiferromagnetic and of the desired magnitude.
Two nechani sns for antiferronmagnetic coupling are used in this invention.
They are stray field coupling, which is a result of the fields emanating
fromthe edges of |layers 47 and 51, and exchange coupling, which is an
interaction that occurs through the spacer layer 49. For all intents and
pur poses, stray field coupling is not relevant until the magnetic nmenory
el ement has been patterned. Exchange coupling through the spacer |ayer 49,
exi sts i mMmedtiairebye af tvar podsblodgeaidns. Bekamse dayer d@popattaded Sttoay fi el d
coupling is dependent on magnetic nenory el ement size, and the exchange
coupling  shape of finite spatial extent, it produces a stray magnetic field 73 that passes

through the volume of layer 51. The stray magnetic field 73 is defined as

Hd12. Within the volume of layer 51, Hd12 points in a direction opposite to

the direction of M1. Layer 51 being similarly patterned into a shape of finite

spatial extent also produces a stray magnetic field 71 that passes through the

volume of layer 47. The stray magnetic field 71 is defined as Hd21. Within

the volume of layer 47, Hd21 points in a direction opposite to the orientation

of M2. If composed of an appropriate material and deposited with thickness,

ts, the spacer layer 49 will mediate an antiferromagnetic exchange coupling

between ferromagnetic layers 47 and 51. For simplicity, the exchange coupling

is represented as a magnetic field that is of the same magnitude, Hexc, in layers

47 and 51. This definition of the exchange field is for illustrative purposes

only, and the invention is not intended to be restricted to a case of equal

exchange field magnitude in layers 47 and 51. The exchange field Hexc is

intended to be antiferromagnetic. Therefore in layer 47, Hexc will point in a

direction opposite to M2, and the exchange field in layer 51 will point in a

direction opposite to M1.
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t hrough the spacer |ayer 49 is independent of the nenory elenment's L and W
di mensi ons. 22 WO 03/085674 PCT/US03/07843 [0026] Figure 4 shows a
schemat i cwpepgsent ati on of a cross-section of a synthet PCTIuSP3/01883net i c
sense |l ayer portion 53 of an MRAM device, which will be used to define
di mensi ons and paraneters essential for describing the invention. The
synthetic ferrimagnetic sense |layer 53, is conposed of two ferronmagnetic
| ayers 47 and 51, separated by a conducting netal spacer 49, that is

nei ther ferromagnetic nor antiferromagnetic. The three | ayers of the
synthetic ferrimagnetic sense |layer 53 are patterned into a shape with a
length L and wwdth W It is assuned for the purpose of disclosing the
synthetic ferrinmagnetic sense |layer that the shape is an ellipse, but it
need not be restricted to an ellipse in order to practice the invention.
Layer 47 i s[@@fposdd avflerarof mrildomsyunlatticferrahagrieaic sangehaymgndtredeeiion ML,
saturation magnetization Msatl, and a thickness tl such that if |ayer 47

was magnet i baidfiys, ivetatiatrethder dutreatdibint@sbit aftctabdond ankimprovedtiiddmabve a
coercivity of Hcl. In the absence of an

stability, two conditions must be obeyed. First,
Msatl *t1 # Msat2*t2,

which ensures that there is sufficient net moment in the sense layer that it can
be written at a reasonable write field value. Second, M1 must remain
oppositely oriented to M2 at all times. In a real device, however, there will be
some deviation from colinearity, the greater the deviation from colinearity, the
poorer the device performance. In order for M1 and M2 to remain oppositely
oriented the stray fields Hd12 and Hd21, and exchange field Hexc must be set
so that the antiferromagnetic orientation between M1 and M2 is stable under
all operating conditions. The designer of a synthetic ferrimagnetic sense layer
thus has to properly select the appropriate combinations of the parameters
Msatl, Msat2, tl, t2, ts, Hcl, Hc2, and the spacer material in order to build a
robust device. The inclusion of Hexc provides more flexibility in device design
than the use of stray field coupling alone would provide. In particular, Hexc

allows the designer more freedom in choosing t1, t2, and bit shape than would

25



applied magnetic field, ML will orient in one of two possible directions

al ong an easy axis. Likew se, layer 51 is conposed of a ferronmagnetic

mat eri al wiDtoB/0sIsRgNet i zati on M2, saturation nagneti zati onPiEAtSA3/eqsd3
thickness t2, such that if layer 51 was nagnetically isolated fromthe
stack, it would have a coercivity of Hc2. In the absence of an external
magnetic field, M2 will orient along an easy 23 WO 03/085674 PCT/ US03/ 07843
axis in one of two possible directions. Because |layer 47 is patterned into
a shape of finite spatial extent, it produces a stray magnetic field 73

t hat passes through the volune of |ayer 51. The stray magnetic field 73 is
defined as Hd12. Wthin the volune of layer 51, Hd12 points in a direction
opposite to the direction of ML. Layer 51 being simlarly patterned into a
shape of finite spatial extent also produces a stray magnetic field 71

t hat passes through the volune of |ayer 47. The stray magnetic field 71 is
defined as bidpbssibie uking oriiyn&ldd@l ameHadR 1| taypeoddc, antf@tomagmétsc douplingi rect i on
opposite to the orientation of M. If conposed of an appropriate materi al

and deposi tB@kwl&chha}tehd £RaRgsSl. ts, the spacer layer 49 will nediate an
antiferromagneti c exchange coupling

[0028] An embodiment of the invention can also be implemented using
giant magnetoresistive (GMR) sensors. In a GMR sensor, the insulating tunnel
barrier 45 will be replaced with a conductor such as copper. Writing would be
performed in exactly the same manner that is performed for MRAM bits 11
using a TMR sense layer 53, but reading would be performed by running a
current parallel to the plane of the bit 11 (as opposed to perpendicular as in the
TMR MRAM bit 11 case). A different arrangement of row 13 and column 15
conductive lines or additional conductive lines may be required to read a

MRAM bit with a GMR sensor.

[0029] Fig. 5a shows a calculation of the inter-bit stray field, Hib, at 150 nm
emanating from an elliptical synthetic ferrimagnet sense layer 53 as a function
of thickness if the bottom layer of the second ferromagnetic layer 47 is 4 nm
thick. The inter-bit stray field Hib, is shown schematically in figure 5¢c. The
sense layer 53 embodiment modeled in Fig. 5a comprises a ferromagnetic layer

55 formed from NiFe(6nm), a spacer layer 49 and a ferromagnetic layer 51
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bet ween ferromagnetic |layers 47 and 51. For sinplicity, the exchange
coupling 1is represented as a magnetic field that is of the sane nagnitude,
Hexc, in wayensse74t7 and 51. This definition of the exchangeTfises/asis f or
illustrative purposes only, and the invention is not intended to be
restricted to a case of equal exchange field magnitude in |layers 47 and
51. The exchange field Hexc is intended to be antiferromagnetic. Therefore
in layer 47, Hexc will point in a direction opposite to M2, and the
exchange field in layer 51 will point in a direction opposite to M. 24 WO
03/ 085674 PCT/ US03/07843 [0027] In order to build a synthetic
ferrimagnetic sense |ayer and realize its benefits, which include
decreased inter-bit interactions and inproved thermal stability, two
conditions nmust be obeyed. First, Matl*tl # Mat2*t2, which ensures that
there is sufficient net nonent in the sense layer that it can be witten
at a reasonfibhedwiiN@e(4@hyl (GkuigurSBbpithe sfhcardst massral 3 2 opdostihg! y

oriented to M at all tinmes. In a real device, however, there will be
metallic layer of between 0.5 and 2 nm thick and can be formed from Cu, Ru
or alloys of various metals. Compared to a single layer sense layer, a synthetic
ferrimagnetic sense layer would produce a smaller stray field at the location of a
neighboring bit. Referring again to figure 5a, a 4 nm thick single layer bit
would produce an interaction field at 150 nm from the bit end of 15 Oc. As
the thickness of the top layer of the synthetic ferrimagnetic sense layer is
increased, the stray field at the neighboring bit location decreases and then
changes sign. As the top layer is made too thick, the interactions fields again
become too large. Note that stray fields at the location of neighboring bits are
greatly reduced when the top ferromagnetic layer 51 is deposited in the range
of 2 nm to 6 nm. Fig. 5a shows that the resulting reduction in ncighboring bit
stray fields would allow magnetic memory bits to be spaced closer in an array 9
with reduced stray field interactions between neighboring bits 11. Using only
Hd12 and Hd21 to antiferromagnetically couple layers 47 and 51 limits the

range of relative layer thickness, which makes it difficult to produce a working

sense layer that shows reduced inter-bit interactions.
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sonme deviation fromcolinearity, the greater the deviation from
colinearity, the poorer the device performance. In order for ML and M2 to
remai n oppodBLE6ys oriented the stray fields Hd12 and Hd2pCcTamsd/esechange
field Hexc nust be set so that the antiferromagnetic orientation between
ML and M2 is stable under all operating conditions. The designer of a
synthetic ferrimagnetic sense layer thus has to properly select the
appropri ate conbi nati ons of the paraneters Msatl, Mat2, t1, t2, ts, Hcl,
Hc2, and the spacer material in order to build a robust device. The

i nclusi on of Hexc provides nore flexibility in device design than the use
of stray field coupling alone would provide. In particular, Hexc allows

t he designer nore freedomin choosing tl, t2, and bit shape than would 25
WO 03/ 085674 PCT/ US03/ 07843 be possible using only Hd12 and Hd21 to
produce antiferromagnetic coupling between layers 47 and 51. [0028] An
enbodi nent po030OF iTiveiniproned erermabaalhitityi ofd gmeindtederrimagnetigisemde

magnet oresi stive (GWR) sensors. In a GWR sensor, the insulating tunnel
barrier 45 pivkdisRnictRtraeddn Hghife 8. FRNBIHOWs StsiipatoaiRiysteWsist i ng woul d

be
loop for a single 4 nm thick NiFe elliptically patterned sense layer (270 nm x
180 nm) with a hysteresis loop for a synthetic ferrimagnet sense layer 53,
similar to that shown in figure 5b, of the same dimension and shape computed
using a micromagnetic calculation based on the Landau-Lifshitz-Gilbert
equation. An alternative way to view thermal stability is to look at the energy
required to write a bit. For an unselected bit, this energy may be expressed as E
= 14 Msat*Hc*V. Note that the coercive magnetic field (Hc) value of the
synthetic ferrimagnet sense layer 53 is about 35% higher than the Hc value for
the single layer film, and that the magnetic volume of the synthetic ferrimagnet
is three times that of the single layer’s magnetic volume. The increase in
magnetic volume and Hc effectively increases the thermal stability factor by
1.35 * 3 = 4.05 times. Also, note that the required coercive field is not so large

that it would require excessively high current to write a magnetic bit 11 sense

layer 53.
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perfornmed in exactly the sane manner that is perforned for MRAM bits 11
using a TMR sense | ayer 53, but reading would be perforned by running a
current papaBhbgle74 o the plane of the bit 11 (as opposed tecparspeomdszul ar as
inthe TVMR MRAM bit 11 case). A different arrangenent of row 13 and col um
15 conductive lines or additional conductive |ines may be required to read
a MAMDbiIt with a GVR sensor. [0029] Fig. 5a shows a cal culation of the
inter-bit stray field, H b, at 150 nm enanating froman elliptical
synthetic ferrimgnet sense layer 53 as a function of thickness if the
bottom | ayer of the second ferromagnetic layer 47 is 4 nm thick. The
inter-bit stray field H b, is showmn schematically in figure 5c. The sense
| ayer 53 enbodi nent nodeled in Fig. 5a conprises a ferromagnetic |ayer 55
formed fromN Fe(6nn), a spacer |ayer 49 and a ferromagnetic |ayer 51 26 WD
03/ 085674 PCT/ US03/07843 formed of Ni Fe(4nm). (See figure 5b) The spacer
49 naterial [0032] cdfiguet7 sigownerdlontagheayesinoflatiet ofesynth&iand 2 nm t hi ck
and can be forned fromCu, Ru or alloys of various metals. Conpared to a
singl e | ayefersifiigBctieddie laeSWithT@ExC= 0 Oe and Hexc = 200 Oe. The

comparison between the Hexc = 0 Oe and the Hexc = 200 Oe cases is made in

order to show the advantage of including an antiferromagnetic exchange

coupling between layers 47 and 51 in the synthetic ferrimagnetic sense layer 53.

The vertical axis in figure 7 refers to the normalized magnetic moment of the

synthetic ferrimagnetic sense layer, and the horizontal axis refers to the easy-axis

write field. This type of plot is often referred to as a hysteresis or M(H) loop.

Three H field values of interest are evident in each of the M(H) loops. The

jump in the M(H) loops that occurs at the field HO2 results when both layers

47 and 51 reverse directions simultancously and thus remain oriented in

opposite directions. The jump in M that occurs at the fields HO1 and HO3,

results when one of the layers 47 or 51 changes direction independently of the

other layer. The existence of the jumps at HO1 and HO3 imply that M1 and

M2 can orient in the same direction when the sense layer is written with too

strong a write field. The synthetic ferrimagnetic sense layer 53 will thus

produce larger than desired stray fields Hib. Writing the bit at fields greater

than HO3 is therefore not desired. Further, it is possible that HO1 may
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ferrimagnetic sense |ayer would produce a smaller stray field at the

| ocation of a neighboring bit. Referring again to figure 5a, a 4 nmthick
si ngl e | ayero3bsic74 woul d produce an interaction field at 1PQTnusos/omsm t he bit
end of 15 Ce. As the thickness of the top |layer of the synthetic
ferrimagnetic sense layer is increased, the stray field at the neighboring
bit | ocation decreases and then changes sign. As the top |ayer is nade too
thick, the interactions fields again beconme too large. Note that stray
fields at the | ocation of neighboring bits are greatly reduced when the
top ferromagnetic layer 51 is deposited in the range of 2 nmto 6 nm Fig.
5a shows that the resulting reduction in neighboring bit stray fields
woul d al | ow magnetic nmenory bits to be spaced closer in an array 9 wth
reduced stray field interactions between neighboring bits 11. Using only
Hd12 and Hd21 to antiferromagnetically couple layers 47 and 51 limts the
range of rehppiodeh DaYerintthisclisterhs, symdhicdb fareikagnetic shnfksé layat is unstaplegduce a
wor ki ng sense |ayer that shows reduced inter-bit interactions. 27 WO

03/ 085674 PG4 apR{a@h8d# inkd98R]al Uindedirgarsesed Thewames BloahHOZ, wnaf a

synthetic ferrimgnetic sense
HO3 all depend critically on the values of the parameters Msatl, Msat2, tl, 2,
ts, Hcl, and Hc2. It should be noted that all other device parameters being
the same, the inclusion of an antiferromagnetic exchange field increases the
separation between fields HO1 and HO2 by moving the fields HO1 and HO3 to
higher values. The antiferromagnetic exchange field also reduces the difference
between HO1 and HO3, an effect which results in a more magnetically stable
sense layer. Hexc thus allows greater freedom in synthetic sense layer
optimization. If the condition H02<HOL1 is obeyed, it can be shown that a
minimum value of Hexc that results in antiparallel orientation of M1 and M2
for all relevant write fields exists. Although it is difficult to solve for the
condition analytically, it can be approximated as |Hexc| is greater than
approximately ((1,/2)*[Hcl-Hc2+Hd21-Hd12]) bcause Hexc can be used to
stabilize an unstable synthetic ferrimagnetic sense layer design, a wider variation
in the choice of Msatl, Msat2, tl, and t2 can be accommodated, resulting in

the capability to build a sense layer with both improved thermal stability and

reduced stray field, Hib.
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| ayer is denonstrated in figure 6. Fig. 6 shows a conparison of a
hysteresis |oop for a single 4 nmthick NNFe elliptically patterned sense
| ayer (27A®0ma108567480 nn) with a hysteresis |oop for a syntrla@ttiso3/6mus i magnet
sense layer 53, simlar to that shown in figure 5b, of the same di nension
and shape conputed using a mcronmagnetic cal cul ati on based on the
Landau-Lifshitz-G | bert equation. An alternative way to view thernal
stability is to ook at the energy required to wite a bit. For an

unsel ected bit, this energy may be expressed as E = 1/2 Msat*Hc*V. Note
that the coercive magnetic field (Hc) value of the synthetic ferrinmagnet
sense |layer 53 is about 35% hi gher than the He value for the single |ayer
film and that the nagnetic volune of the synthetic ferrimgnet is three
times that of the single layer's magnetic volune. The increase in nagnetic
vol ume and Ha032} edirovigley theorisianes cixbimngeeonpling tabditiohys mactthe by 1.35 *
3 =4.05tines. Also, note that the required coercive field is not so | arge
that it wouhfhgheld prfdpeeticastthy synth&digferimbgedtic deaseaydres awithpnetable bit 11
sense |ayer 53. 28 WD 03/085674 PCT/ US03/ 07843

over a large range of Hexc values. Figure 8 is used to demonstrate the effect of
varying Hexc. Figure 8 is a plot of the write ficld Hsw for a 272 nm by 180

nm elliptical synthetic ferrimagnetic sense layer as a function of Hexc and the
hard-axis bias field Hy_selected. The simulated stack is
NiFe(8nm)/Spacer/NiFe(4nm), and it was chosen to allow the Hexc = 0 Oe
point to operate as a synthetic ferrimagnetic sense layer over the entire range of
write fields, that is, for Hsw < H02. Referring to figure 8, write margin may be
defined as the vertical distance between the Hsw_selected and Hsw_unselected
curves. Itis desirable to have a large write margin, since this allows the sense
layer to be written at a field value that can be chosen to maximize bit yield in an
MRAM array. It is evident from figure 8, that when Hexc < 200 Oe, there is
no change in write margin. As Hexc is increased above 200 Oe, write margin
slowly decreases. At some large value of Hexc, write margin becomes zero, and
the sense layer cannot be selected for writing without writing all bits located on
the same column line. The upper limit in Hexc is strongly dependent on the

parameters Msatl, Msat2, tl, t2, ts, Hcl, and Hc2, and it should be
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[0031] Figure 7 shows a micromagnetic sinulation of a synthetic
ferrimagnetic sense layer with Hexc = 0 Ce and Hexc = 200 Ce. The
conpar i sowolmswsden the Hexc = 0 Ce and the Hexc = 200 Ce ®agdso0s/a7samde in
order to show the advantage of including an antiferronmagnetic exchange
coupling between layers 47 and 51 in the synthetic ferrinmagnetic sense

| ayer 53. The vertical axis in figure 7 refers to the normalized nagnetic
nonent of the synthetic ferrimagnetic sense |ayer, and the horizontal axis
refers to the easy-axis wite field. This type of plot is often referred
to as a hysteresis or MH) loop. Three Hfield values of interest are
evident in each of the MH |oops. The junp in the MH |oops that occurs
at the field HO2 results when both layers 47 and 51 reverse directions
simul taneously and thus remain oriented in opposite directions. The junp
in Mthat occurs at the fields HO1 and HO3, results when one of the |ayers
47 or 51 chdeagesimtidreagirioallyi fod epdndende desigh. tHexc amhter sck by erropékhe exi st ence
of the junps at HO and HO3 inply that M and M can orient in the sane

di rection whgsicé BEsfaCaSRatedyE spdcer Whitkiesd) Mbdeh, Mesx2, sl ragdg2a wite field.
The synthetic ferrinmagnetic sense layer 53 will thus produce |arger than
desired stray fields H b. Witing the bit at fields greater

[0033] Referring to Fig. 9, one possible process for manufacturing an
embodiment of the invention is disclosed. Note that the layers in the stack can
also be inverted, which may result in a change in the process steps and possibly
methods. In any case, first, the pinned or reference layer 43 is deposited at
processing segment 113. The pinned layer 43 can be a coupled
antiferromagnetic and ferromagnetic layer structure, a synthetic ferrimagnet, or
an antiferromagnetic layer coupled to a synthetic ferrimagnetic stack. The
pinned layer 43 materials can be selected from known materials, which are used
for pinned layer 43 construction including FeMn, IrMn, PtMn, NiMn, or NiO.
For a single layer pinned layer 43 or, in the case of a coupled antiferromagnetic
and ferromagnetic layer, IrMn could be used for the antiferromagnetic layer
and NiFe could be used for the ferromagnetic layer. Next, at processing
segment 115, the pinned layer 43 is smoothed sufficiently by, for example, by
sputtering etching or other technique to reduce the magnetic field coupling

caused by layer surface irregularities (Neel coupling). At processing segment
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than HO3 is therefore not desired. Further, it is possible that HOL may 29
WO 03/ 085674 PCT/ US03/ 07843 approach 0 Ce, in this case the synthetic
ferri mgrnwoios/ossnse | ayer i s unstable, and can nagneti ze PCAtus03/erses al
undesired states. The values HO1, HO2, and HO3 all depend critically on

t he val ues of the paraneters Msatl, Msat2, tl, t2, ts, Hcl, and Hc2. It
shoul d be noted that all other device paraneters being the sane, the

i nclusion of an antiferromagnetic exchange field increases the separation
bet ween fields HO1 and HO2 by noving the fields HOL and HO3 to higher

val ues. The antiferromagneti c exchange field al so reduces the difference
between HOL and HO3, an effect which results in a nore nagnetically stable
sense layer. Hexc thus allows greater freedomin synthetic sense | ayer

optim zation. If the condition HO2<HO1 is obeyed, it can be shown that a

m ni rum val ue of Hexc that results in antiparallel orientation of ML and M
for all rel @¥Ani thinittendlibakdls laper 4695 dépdsitedgA hiettunseldvarfiercmby bt o sol ve for
the condition analytically, it can be approxi mted as | Hexc| is greater

t han appr oxdle@td fpnt kddowh niatkridieincludied didaAha HALO.).) Iibpaiegiddexc can be

weed to segment 119, the second ferromagnetic layer 47 is formed from ferromagnetic
materials, such as NiFe, so that sufficient antiferromagnetic exchange coupling
and stray field 71, 73 coupling is present between the second ferromagnetic
layer 47 and the desired third ferromagnetic layer 51 which will be
subsequently deposited. Finally, and depending on the choice of materials, the

entire stack should be annealed in the presence of a magnetic field, in order to

set the correct magnetization orientations for the various layers.

[0034] Sufficient antiferromagnetic exchange coupling refers to a sense layer
53 design which provides for antiferromagnetic exchange coupling between the
second ferromagnetic layer 47 and the desired third ferromagnetic layer 51
(subsequently formed) such that the antiferromagnetic exchange coupling is
more than zero and less than a value which requires a significantly increased
magnetic switching field intensity (Hsw) after a certain point of

antiferromagnetic exchange coupling of layers 47 and 51 across spacer layer 47.
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stabilize an unstable synthetic ferrinmagnetic sense | ayer design, a w der
variation in the choice of Matl, Mat2, tl, and t2 can be accomvdat ed,
resul ti ngwore3/osdses capability to build a sense |ayer w th PpotrhuSosmprseyed
thermal stability and reduced stray field, H b. 30 WD 03/085674
PCT/ US03/ 07843 [0032] Provided the m ni num exchange coupling condition is
nmet, the magnetic properties of the synthetic ferrimgnetic sense |ayer 53
will be stable over a large range of Hexc values. Figure 8 is used to
denonstrate the effect of varying Hexc. Figure 8 is a plot of the wite
field Hsw for a 272 nmby 180 nmelliptical synthetic ferrimgnetic sense
| ayer as a function of Hexc and the hard-axis bias field Hy-selected. The
sinmul ated stack is N Fe(8nn)/ Spacer/Ni Fe(4nm), and it was chosen to all ow
the Hexc = 0 Ce point to operate as a synthetic ferrinmagnetic sense |ayer
over the entire range of wite fields, that is, for Hsw < H02. Referring
to figure 8J00851 e AxFigi 8 indiyates givtefd spedifiad syirhesie fdriiamlgndi dinemsiwnbet ween
the Hsw_sel ected and Hsw_ unsel ected curves. It is desirable to have a
large writ e A@ingitérials iafteLa thicSinoi@VSE dnfiferf@fiSgnetic exchange coupling

(e.g., - 200 Oc), the applied magnetic field (Hx) required to perform a write

operation must be increased thereby increasing the current required to perform

switching of the sense layer 53 magnetic moment 75, 77 orientations. At some

point, when Hexc is too strong, a hard-axis bias (at 90 degrees to the easy axis

19) will not be sufficient to write the magnetic memory bit (11) sense layer 53

(switch the orientation of the sense layer 53 magnetic moments 77, 75).

[0036] Next, the second ferromagnetic layer 47 may be smoothed to reduce
Neel coupling (magnetic coupling between layers 47 and 51 caused by
interfacial irregularities) in processing segment 121. In processing segment
123, the spacer element 49 is formed from materials for spacer layers which
permit antiferromagnetic exchange coupling including Ru, Cr or Cu, such that
sufficient antiferromagnetic exchange coupling and stray field coupling is
present across spacer layer 49 between the second ferromagnetic layer 47 and
the desired third ferromagnetic layer 51. In processing segment 125, the third

ferromagnetic layer 51 is formed from ferromagnetic materials, e.g. NiFe, on
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| ayer to be witten at a field value that can be chosen to maxim ze bit
yield in an MAMarray. It is evident fromfigure 8, that when Hexc < 200
Ce, therewpD3/8ss7€hange in wite margin. As Hexc is increasgdisaboxes 200 Ce,
wite margin slowy decreases. At sone |arge value of Hexc, wite margin
beconmes zero, and the sense | ayer cannot be selected for witing wthout
witing all bits |ocated on the sanme colum |ine. The upper limt in Hexc
is strongly dependent on the paraneters Msatl, Mat2, t1, t2, ts, Hcl, and
Hc2, and it should be 31 WD 03/085674 PCT/ US03/ 07843 determ ned
enpirically for each device design. Hexc can be set by proper choice of
spacer material, spacer thickness, Matl, Mat2, tl, and t2. [0033]
Referring to Fig. 9, one possible process for nmanufacturing an enbodi nent
of the invention is disclosed. Note that the layers in the stack can also
be inverted, which may result in a change in the process steps and possibly
met hods. | ntcamyf despacdrilayst 49tshahpt suftsderarantiéfresreagreeticaxehangd i s deposi t ed
at processing segnent 113. The pinned | ayer 43 can be a coupl ed

ant i f err onagegpling aidstfgriicddragusiingCis baaserit Skd3sGpades layer 89 Mebeddncthe

ferrimagnet, or
second ferromagnetic layer 47 and the third ferromagnetic layer 51. Again, it is
important to note that the antiferromagnetic exchange coupling attribute is
dependent upon magnetic memory bit 11 design including sense layer design,
bit size and materials and thus may be varied to achieve the desired effect of

sufficient antiferromagnetic exchange coupling and magnetic moment

switching point separation in the sense layer 53.

[0037] Fig. 10 shows a processor system 151 comprising a MRAM memory
array 9 comprised of magnetic memory bits 11 constructed in accordance with
an embodiment of the present invention, coupled with a processor, e.g., a
central processor unit 153 for data exchange. The magnetic memory bits 11
are clectrically coupled to the processor 151 so as to permit reading and writing
data to and from the memory bits 11. The magnetic memory bits 11 may be
coupled to the processor 151 through a memory controller and bus system not
pictured or coupled with other components through another data transfer

architecture.
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an antiferromagnetic | ayer coupled to a synthetic ferrimagnetic stack. The
pi nned | ayer 43 materials can be selected fromknown materials, which are
used forwpioesb74 ayer 43 construction including Fevn, |rMCI/tROMNIS4NI Mh, or
Ni O For a single layer pinned |layer 43 or, in the case of a coupled
antiferromagnetic and ferromagnetic |layer, IrM could be used for the
antiferromagnetic layer and N Fe could be used for the ferromagnetic

| ayer. Next, at processing segnent 115, the pinned | ayer 43 is snoot hed
sufficiently by, for exanple, by sputtering etching or other technique to
reduce the magnetic field coupling caused by layer surface irregularities
(Neel coupling). At processing segnent 32 WO 03/085674 PCT/US03/07843 117,
a thin tunnel barrier layer 45 is deposited. The tunnel barrier may be

sel ected from known materials including alum na (A1203). In processing
segnent 119, the second ferromagnetic layer 47 is formed from ferronmagnetic
mat eri al s, FOR38hs Rdfdrenceio mduettosufibiie spratficaambbddimeamaofrbt iicveaxiohange
coupling and stray field 71, 73 coupling is present between the second

f .elr |r Ogag net These cyBsdithéndnde desribediwigdsifitieat d&nil esregitdt idtoseakdled51 whi ch
Wi e

in the art to practice the invention. It is to be understood that other
embodiments of the invention may be employed and that structural and

clectrical changes may be made without departing from the scope or spirit of

the present invention.
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subsequent |y deposited. Finally, and depending on the choice of materials,
the entire stack should be annealed in the presence of a magnetic field,
in order wo 03983674 he correct nagnetization orientations f@CTIUse3/0mas ous

| ayers. [0034] Sufficient antiferronmagnetic exchange coupling refers to a
sense |l ayer 53 design which provides for antiferromagnetic exchange
coupling between the second ferromagnetic |ayer 47 and the desired third
ferromagnetic | ayer 51 (subsequently forned) such that the
antiferromagneti c exchange coupling is nore than zero and |less than a

val ue which requires a significantly increased magnetic switching field
intensity (Hsw) after a certain point of antiferromagnetic exchange
coupling of |ayers 47 and 51 across spacer |ayer 47. 33 WD 03/ 085674

PCT/ US03/ 07843 [0035] As Fig. 8 indicates, given a specified synthetic
ferrimagnet dinension and materials, after a certain point of
antiferromagneti c exchange coupling (e.g., - 200 QGe), the applied magnetic
field (Hx) required to performa wite operation nust be increased thereby

i ncreasi ng WIBATURrE€DAINVEYIIsed to perform switching of the sense | ayer 53
magnetic nonent 75, 77 orientations. At sone

1. A sense layer for a magnetic memory element, said sense layer

comprising;:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;

a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
provide stray field coupling between said first and second layers across said
spacer layer such that said first and second layers have magnetic moments

oriented antiparallel to each other; and
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poi nt, when Hexc is too strong, a hard-axis bias (at 90 degrees to the easy
axis 19) will not be sufficient to wite the nagnetic nenory bit (11)
sense | aywp 08/085674 switch the orientation of the sense | ay@CTA®osrargaeti c
nonents 77, 75). [0036] Next, the second ferromagnetic |ayer 47 may be
snoot hed to reduce Neel coupling (rmagnetic coupling between | ayers 47 and
51 caused by interfacial irregularities) in processing segnent 121. In
processi ng segnent 123, the spacer elenent 49 is forned fromnmaterials for
spacer |layers which permt antiferromagnetic exchange coupling including
Ru, C or Cu, such that sufficient antiferromagnetic exchange coupling and
stray field coupling is present across spacer |ayer 49 between the second
ferromagnetic layer 47 and the desired third ferromagnetic layer 51. In
processi ng segnent 125, the third ferronmagnetic layer 51 is forned from
ferromagnetic materials, e.g. NiFe, on 34 WO 03/085674 PCT/US03/07843 top
of the spacer | aysid b9ersdetitpaforsiad fof aireatriarinidf thickarsgnéiciantexchange
coupling and stray field coupling is present across spacer |ayer 49 between

the secondpifidcoanGRelontagn@ieexchange dotipling béthdeh eli¢ ARRAAGEEcondayer 51.

Again, it is
layers across said spacer layer such that the magnetic moments of the first and

second layers are free to rotate substantially simultaneously in the presence of
an applied magnetic field so that the first and second magnetic moments of the
magnetizable layers can be oriented in the other of said first and second

directions.

2. A sense layer of claim 1 further comprising:

a thinner layer, relative to the first magnetizable layer, of Co interposed

between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of Co

interposed between the spacer layer and the second magnetizable layer.
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inportant to note that the antiferromagnetic exchange coupling attribute is
dependent upon magnetic nenory bit 11 design including sense | ayer design,
bit size wod3nstesi als and thus may be varied to achi eve rhe/useyisesl ef f ect
of sufficient antiferromagnetic exchange coupling and magnetic nonent

swi tching point separation in the sense layer 53. [0037] Fig. 10 shows a
processor system 151 conprising a MRAM nenory array 9 conprised of
magneti c nenory bits 11 constructed in accordance with an enbodi nent of
the present invention, coupled with a processor, e.g., a central processor
unit 153 for data exchange. The magnetic nenory bits 11 are electrically
coupled to the processor 151 so as to permt reading and witing data to
and fromthe nmenory bits 11. The magnetic nmenory bits 11 may be coupled to
t he processor 151 through a nenory controller and bus system not pictured
or coupled wth other conponents through another data transfer
architecture. 35 O8NS EFTARGIMUBHRDABABpHisNYB8] Ref erence is nmade to
various specific enbodi nents of the invention.

a thinner layer, relative to the first magnetizable layer, of CoFe

interposed between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of CoFe

interposed between the spacer layer and the second magnetizable layer.

4. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of NiFe.

5. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of CoFe.

6. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Co.
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These enbodi nents are described with sufficient detail to enable those
skilled in the art to practice the invention. It is to be understood that
ot her ervodBnewsrs of the invention nay be enpl oyed and t rat/usos/omssur al and
el ectrical changes may be made w thout departing fromthe scope or spirit
of the present invention. 36 WD 03/085674 PCT/US03/ 07843 WHAT | S CLAI MED
IS: 1. A sense layer for a nmagnetic nenory el enent, said sense | ayer
conprising: a first magnetizable |layer with a magnetic nonment oriented in a
first direction; a second nmagnetizable |ayer with a magnetic nonent
oriented in a second direction opposite to said first direction; a spacer
| ayer forned between said first and second magneti zable | ayers; said
| ayers being formed of a material and thickness sufficient to provide
stray field coupling between said first and second | ayers across said

7. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Fe.

8. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Ni.

9. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of NiFeCo.

10. A sense layer of claim 1 wherein the spacer layer thickness is such
that the antiferromagnetic exchange coupling between the first and second
magnetizable layers has a magnetic field value which is less than the coercive
field value of that one of the first and second magnetizable layers with the

largest coercive field value.
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spacer |ayer such that said first and second | ayers have magneti c nonents
oriented antiparallel to each other; and 37 WO 03/085674 PCT/ US03/ 07843
said | ayewe obeszegs f orned of a material and thickness suffiPCrarmsn3/m®s4provi de
antiferromagneti c exchange coupling between the first and second | ayers
across said spacer |layer such that the magnetic nonents of the first and
second |l ayers are free to rotate substantially sinultaneously in the
presence of an applied magnetic field so that the first and second
magneti c nonents of the magnetizable |ayers can be oriented in the other
of said first and second directions. 2. A sense layer of claim1l further
conprising: a thinner layer, relative to the first magnetizable | ayer, of
Co interposed between the spacer |ayer and the first magnetizable | ayer;
and a thinner |ayer, relative to the second nmagnetizable |ayer, of Co

i nt er posed bet weehlt hé sepadarer biyleim dndh¢rhehs 6comhgmaygnadtle labd laslaayer. 38

magnetic saturation times first layer thickness which is not equal to magnetic

saturation times second layer thickness of the second magnetizable layer.

12. A sense layer of claim 1 where the spacer layer is a conductive

material.

13. A sense layer of claim 1 where the spacer layer comprises an Ru

layer.

14. A sense layer of claim 1 where the spacer layer comprises a Cu

layer.

15. A method of claim 1 wherein said spacer layer is a conductor that

is not ferromagnetic or antiferromagnetic.

41



WO 03/085674 PCT/ US03/07843 3. A sense layer of claim1 further
conprising: a thinner layer, relative to the first magnetizable | ayer, of
CoFe i ntwpposesd7bet ween the spacer |ayer and the first nmegmatSozedshe | ayer;
and a thinner layer, relative to the second nagneti zabl e | ayer, of CoFe

i nt erposed between the spacer |ayer and the second nagnetizable [ayer. 4. A
sense |layer of claim1 wherein the first and second nagneti zable |ayers
conprise at | east one layer of NNFe. 5. A sense layer of claim1 wherein
the first and second nagneti zable |ayers conprise at |east one |ayer of
CoFe. 6. A sense layer of claim11 wherein the first and second magneti zabl e
| ayers conprise at |east one |layer of Co. 39 WO 03/085674 PCT/ US03/ 07843

7. A sense layer of claim1l wherein the first and second magneti zabl e

| ayers conprise at | east one |ayer of Fe. 8. A sense layer of claiml
wherein the firstlénd seasohgermegiein ¥ atlkee the first and second magnetizable

layers are formed of different materials having the same thickness.

17. A sense layer of claim 1 where the first and second magnetizable
layers are formed of different material, each having a thickness different from

the other.

18. A sense layer of claim 1 wherein said layers are formed in an

elliptical pattern.

19. A sense layer for a magnetic memory element, said sense layer

comprising:

a first magnetizable layer having a first material composition, a

thickness t1 and a magnetic moment oriented in a first direction;
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| ayers conprise at | east one layer of Ni. 9. A sense layer of claiml
wherein the first and second magneti zable |ayers conprise at |east one
| ayer of WDMe/@sr6740. A sense | ayer of claim1l wherein thePprspamses0isayer
thickness is such that the antiferronmagnetic exchange coupling between the
first and second nmagnetizable |layers has a magnetic field value which is
| ess than the coercive field value of that one of the first and second
magneti zabl e | ayers with the |I|argest coercive field value. 40 WO 03/ 085674
PCT/ US03/ 07843 11. A sense |layer of claim1l where the first magnetizable
| ayer has a magnetic saturation tinmes first |ayer thickness which is not
equal to magnetic saturation tines second |ayer thickness of the second
magneti zabl e | ayer. 12. A sense layer of claim1 where the spacer |ayer is
a conductive material. 13. A sense |layer of claim1l where the spacer |ayer
conprises an Ru |ayer.
a second magnetizable layer over said first magnetizable layer, said
second magnetizable layer having said first material composition and a thickness
greater than tl and a magnetic moment oriented in a second direction opposite

said first direction;

a conductive spacer layer formed between said first and second

magnetizable layers;

i

said first and second magnetizable layers and conductive spacer layer
being formed to provide stray field coupling between said first and second
layers such that said first and second layers having magnetic moments oriented

anti-parallel to each other; and

said first and second magnetizable layers and conductive spacer layer
each being formed of a material and thickness sufficient to provide
antiferromagnetic exchange coupling having a value greater than 0 and <= 200
Oe between the first and second layers across said spacer layer, the magnetic
orientation of said first and second layers rotating substantially simultaneously

in the presence of an applied magnetic field.
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14. A sense layer of claim1l where the spacer |ayer conprises a Cu |ayer.
15. A nethod of claim 1 wherein said spacer layer is a conductor that s
not ferrowagaesicts or antiferromagnetic. 41 WO 03/ 085674 PETTuS039BIB43 16.
A sense |ayer of claim1l where the first and second nagneti zable | ayers are
formed of different materials having the sanme thickness. 17. A sense |ayer
of claim1 where the first and second magneti zable |ayers are fornmed of
different material, each having a thickness different from the other. 18.
A sense |ayer of claim1l wherein said |ayers are forned in an elliptical
pattern. 19. A sense layer for a magnetic nenory el enent, said sense |ayer
conprising: a first magnetizable |layer having a first material conposition,
a thickness t1 and a magnetic nonment oriented in a first direction;

20. A sense layer of claim 19 wherein the spacer layer thickness is such
that the antiferromagnetic exchange coupling between the first and second
magnetizable layers is less than the coercive (H) field value of the one of the

first or second magnetizable layer which has the largest coercive field value.

21. A magnetic memory structure comprising:
a sense layer comprising;:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first layer;
a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to

provide stray field coupling between said first and second magnetizable layers
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42 WO 03/ 085674 PCT/ US03/ 07843 a second nagneti zabl e | ayer over said first
magneti zabl e | ayer, said second magneti zabl e | ayer having said first

mat eri al wormposicri on and a thickness greater than tl andpraTmsghelsss nonment
oriented in a second direction opposite said first direction; a conductive
spacer |ayer formed between said first and second magnetizable |ayers;
said first and second nmagneti zabl e | ayers and conducti ve spacer | ayer

being forned to provide stray field coupling between said first and second
| ayers such that said first and second | ayers having nagnetic nonents
oriented anti-parallel to each other; and said first and second

magneti zabl e | ayers and conductive spacer |ayer each being forned of a

mat erial and thickness sufficient to provide antiferronagnetic exchange
coupling having a value greater than 0 and <= 200 Qe between the first and
second | ayers across said spacer |layer, the magnetic orientation of said
first and sachntiat swkfist nnd atcdong magstaablcddyleys lsdveuhigneaousdments

oriented anti-parallel to each other;

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to
rotate substantially simultaneously in the presence of an applied magnetic field
so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions;

a pinned layer; and

a tunneling barrier formed from a non-magnetic material provided

between said sense layer and said pinned layer.

22. A magnetic memory structure of claim 21 wherein
antiferromagnetic exchange coupling between the first and second

magnetizable layers across said spacer layer is between 0 and <= 200 Oe.
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in the presence of an applied magnetic field. 43 WO 03/ 085674

PCT/ US03/ 07843 20. A sense layer of claim19 wherein the spacer |ayer

t hi cknesswoD93s8ss4 t hat t he antiferromagneti c exchange coupCirrugobetsween t he

first and second nmagnetizable layers is |ess than the coercive (H) field

val ue of the one of the first or second magnetizable | ayer which has the

| argest coercive field value. 21. A magnetic nenory structure conprising:

a sense |layer conprising: a first nagnetizable |ayer with a nagnetic nonent

oriented in a first direction; a second nmagnetizable |layer with a nagnetic

nonent oriented in a second direction opposite to said first |ayer; a

spacer |ayer fornmed between said first and second nagneti zabl e | ayers;

said | ayers being forned of a material and thickness sufficient to provide

stray field coupling between said first and second nagneti zable | ayers 44
23. A magnetic memory structure of claim 21 further comprising a

row line conductor coupled to provide a magnetic field to said sense layer and a
column line conductor to provide a magnetic field to said sense layer, wherein
said pinned layer has a magnetic field orientation which is substantially within
15 degrees of an axis of said row line when antiferromagnetic exchange
coupling between the first and second layers across said spacer layer is greater

than 0 and <= 100 Qe.

24. A magnetic memory structure of claim 21 wherein the spacer layer
thickness is such that the antiferromagnetic exchange coupling between the
first and second magnctizablé layers across the spacer layer is less than the
coercive field value of the one of the said first or second magnetizable layer

which has the largest coercive field value.

25. An array of magnetic memory elements comprising:

a substrate;
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WO 03/ 085674 PCT/ US03/ 07843 such that said first and second magneti
| ayers have nagnetic nonents oriented anti-parallel to each other
| ayers bewog3foesemed of a material and thickness suffici entPCraSopoTses

antiferromagneti c exchange coupling between the first and second

zabl e
sai d
de

| ayers

such that the magnetic nonents of the first and second | ayers are free to

rotate substantially sinultaneously in the presence of an applied nagnetic

field so that the first and second magnetic nonments of the magnetizabl e

| ayers can

pi nned | ayer;

be oriented in the other of said first and second direct

between the first and second nmagnetizable |ayers across said spacer

i s between

0 and xfirs26€ dPesubstanilly BAABEGTet tiRGEIl WBA3naR@4hes formed

on the substrate;

a second set of substantially parallel electrically conductive lines formed
on the substrate substantially orthogonal to the first set of conductive lines and

which intersect with the first set of conductive lines;

a plurality of magnetic memory elements, each said each element
formed between and coupled to the first and second conductive line
intersection points, said elements comprising a magnetic memory sense layer

comprising;:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;

a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to

provide stray field coupling between said first and second layers
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i ons;

and a tunneling barrier fornmed froma non-nmagnetic materi al
provi ded between said sense |ayer and said pinned | ayer.

22. A magnetic
menory structure of claim21 wherein

antiferromagneti c exchange coupling

| ayer
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23. A magnetic nmenory structure of claim21 further conprising a row |ine
conductor coupled to provide a magnetic field to said sense |layer and a
colum | iwe osossdact or to provide a magnetic field to sai dPsensesdmyer,
wherein said pinned | ayer has a magnetic field orientation which is
substantially within 15 degrees of an axis of said row |ine when
antiferromagneti c exchange coupling between the first and second | ayers
across said spacer layer is greater than O and <= 100 Ce. 24. A mmgnetic
menory structure of claim21 wherein the spacer |ayer thickness is such
that the antiferromagnetic exchange coupling between the first and second
magneti zabl e | ayers across the spacer layer is less than the coercive
field value of the one of the said first or second magneti zabl e | ayer

whi ch has the largest coercive field value. 25. An array of magnetic nenory
el ements conpri sidgoss saidsphsiclajice sudhocthdO DB Lo a6d4eR@H lipashtve843 a first
set of substantially parallel electrically conductive |ines forned

magnetic moments oriented antiparallel to each other; and

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers across said spacer layer such that the magnetic moments of the first and
second layers are free to rotate substantially simultaneously in the presence of
an applied magnetic field so that the first and second magnetic moments of the
magnetizable layers can be oriented in the other of said first and second

directions.

26. An array of magnetic memory clements of claim 25 further
comprising another conductive line situated near said sense layer which is used

to read the magnetic orientation of said sense layer magnetic moments.

27. An array of magnetic memory elements of claim 25 further

comprising another conductive line situated near said sense layer which is used
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on the substrate; a second set of substantially parallel electrically
conductive lines forned on the substrate substantially orthogonal to the
first setwofo3pgwaducti ve |ines and which intersect with tREeTfUS030788t of
conductive lines; a plurality of magnetic nmenory el enents, each said each
el ement forned between and coupled to the first and second conductive |ine
i ntersection points, said elenents conprising a magnetic nenory sense | ayer
conprising: a first magnetizable |layer with a magnetic nonment oriented in a
first direction; second nmagnetizable |ayer with a magnetic nonent oriented
in a second direction opposite to said first direction; a spacer |ayer
formed between said first and second magneti zable | ayers; said |ayers
being forned of a material and thickness sufficient to provide stray field
coupling between said first and second | ayers 47 WO 03/ 085674
PCT/ US03/ 07843

to rotate substantially simultaneously the magnetic moments of said first and

second magnetizable layers.

28. An array of magnetic memory elements of claim 25 further
comprising another conductive line which runs through said sense layer and is

used to determine magnetic orientation of said sense layer magnetic moments.

29. An array of magnetic memory elements of claim 25 further
comprising another conductive line which runs through said sense layer and is
used to rotate substantially simultaneously the magnetic moments of said first

and second magnetizable layers.

30. A computer system comprising:

a processor;
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across said spacer |ayer such that said first and second | ayers have
magneti c nonents oriented antiparallel to each other; and said | ayers being
fornmed ofwe ogms®sri al and thickness sufficient to provi depPaemtisb&o18¢dragneti c
exchange coupling between the first and second |ayers across said spacer
| ayer such that the nmagnetic nonents of the first and second |ayers are
free to rotate substantially simultaneously in the presence of an applied
magnetic field so that the first and second nagnetic nonents of the
magneti zabl e | ayers can be oriented in the other of said first and second
directions. 26. An array of magnetic nenory elenents of claim25 further
conpri sing anot her conductive line situated near said sense |layer which is
used to read the nagnetic orientation of said sense |ayer magnetic
nonents. 27. An array of magnetic nenory el enents of claim25 further
conpri sing anot her conductive line situated near said sense |ayer which is
used 48 WD 03/ 08564nBGT hd808Y Clé8ia cletrically edepled bs tlanpioabdsyr, said
si mul t aneously the magnetic nonents of said first and

memory device comprising:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;

a spacer layer formed between a first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
provide stray ficld coupling between said first and second layers such that said
first and second layers have magnetic moments oriented antiparallel to each

other; and

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to

rotate substantially simultaneously in the presence of an applied magnetic field
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second magnetizable |ayers. 28. An array of magnetic nenory el enents of
claim?25 further conprising another conductive |ine which runs through
sai d senswoloagess7and is used to determ ne nagnetic ori entamiusn3/eRf4zai d
sense | ayer nmagnetic nonents. 29. An array of magnetic nenory el enents of
claim25 further conprising another conductive |ine which runs through
said sense layer and is used to rotate substantially sinmultaneously the
magneti c nonents of said first and second magnetizable |ayers. 30. A
conput er system conprising: a processor; 49 WO 03/085674 PCT/US03/07843 a
magneti c nenory device electrically coupled to the processor, said nenory
device conprising: a first magneti zable |ayer with a magnetic nonent
oriented in a first direction; a second magnetizable |ayer with a nagnetic
nonment oriented in a

so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions.

31. A computer system of claim 30 wherein the array of magnetic
memory devices are electrically coupled to the processor through a memory

controller and bus.

32. A computer system of claim 30 wherein the spacer layer thickness
is such that the antiferromagnetic exchange coupling between the first and
second magnetizable layers across the spacer layer is less than the coercive field
value of the one of the said first or second magnetizable layer which has the

largest coercive field value.

33. A magnetic memory structure comprising;:

a sense layer comprising:
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second direction opposite to said first direction; a spacer |ayer forned
between a first and second magneti zable | ayers; said |ayers being forned
of a nat ewDal/085ed4 t hi ckness sufficient to provide stray feicalubosonsps i ng
between said first and second |ayers such that said first and second

| ayers have magnetic nonents oriented antiparallel to each other; and said
| ayers being formed of a material and thickness sufficient to provide
antiferromagneti c exchange coupling between the first and second |ayers
such that the nmagnetic nonents of the first and second | ayers are free to
rotate substantially sinultaneously in the presence of an applied nmagnetic
field 50 WD 03/085674 PCT/ US03/07843 so that the first and second magnetic
nonents of the nmagnetizable |ayers can be oriented in the other of said
first and second directions. 31. A conputer systemof claim 30 wherein the
array of nagnetlCaﬁﬂtmn@medeﬂﬂeE@c@Wﬁhahﬁ@gﬂxmahbgmnouphﬁﬂdumaﬁhﬁ processor
through a nenory controller and bus.

direction;
a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first layer;

a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
provide stray field coupling between said first and second magnetizable layers
such that said first and second magnetizable layers have magnetic moments

oriented anti-parallel to each other;

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to
rotate substantially simultancously in the presence of an applied magnetic field
so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions;

a pinned layer; and
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32. A conputer systemof claim 30 wherein the spacer |ayer thickness is
such that the antiferronmagnetic exchange coupling between the first and
second newyoaBiogmhbl e | ayers across the spacer |ayer is | es®Crhmsn3/oises
coercive field value of the one of the said first or second nmagneti zabl e
| ayer which has the |argest coercive field value. 33. A magnetic nenory
structure conprising: a sense |layer conprising: 51 WO 03/085674

PCT/ US03/ 07843 a first nagnetizable |ayer with a nagneti c nonent oriented
inafirst direction; a second magneti zable layer with a magneti c nonent
oriented in a second direction opposite to said first |ayer; a spacer

| ayer forned between said first and second magneti zable | ayers; said

| ayers being formed of a material and thickness sufficient to provide
stray field coupling between said first and second magneti zabl e | ayers
such that said fiasondundiveégengrovadmiebdtaabh eaill agresedayeauad sadpehnal nonent s

layer.

34. A sense layer of claim 33 further comprising:

a thinner layer, relative to the first magnetizable layer, of Co interposed

between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of Co

interposed between the spacer layer and the second magnetizable layer.

35. A sense layer of claim 33 further comprising;:

a thinner layer, relative to the first magnetizable layer, of CoFe

interposed between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of CoFe

interposed between the spacer layer and the second magnetizable layer.

53



oriented anti-parallel to each other; said |ayers being forned of a

mat eri al and thickness sufficient to provide antiferromgnetic exchange
coupl i ng wetoaeess7¢ he first and second |ayers such that tReTRSghesIE
nmonents of the first and second |ayers are free to rotate substantially
simul taneously in the presence of an applied magnetic field so that the
first and second nagnetic nonents of the nagnetizable |ayers can be
oriented in the other of said first and second directions; a pinned |ayer;
and 52 WD 03/ 085674 PCT/ US03/ 07843 a conductive |ayer provided between
said sense |layer and said pinned |ayer. 34. A sense |layer of claim 33
further conprising: a thinner layer, relative to the first nagnetizable
| ayer, of Co interposed between the spacer |ayer and the first

magneti zabl e | ayer; and a thinner |layer, relative to the second

magnet i zabl e | ayeB¢. &f m@gnetiavnempos studretarefedaithd3 sywean | ayer and t he
second nmagneti zabl e | ayer.

antiferromagnetic exchange coupling between the first and second

magnetizable layers across said spacer layer is between 0 and <= 200 Oe.

37. A magnetic memory structure of claim 33 further comprising a
row line conductor coupled to provide a magnetic field to said sense layer and a
column line conductor to provide a magnetic field to said sense layer, wherein
said pinned layer has a magnetic field orientation which is substantially within
15 degrees of an axis of said row line when antiferromagnetic exchange

coupling between the first and second layers across said spacer layer is greater

than 0 and <= 100 Qe.

38. A magnetic memory structure of claim 33 wherein the spacer layer
thickness is such that the antiferromagnetic exchange coupling between the first

and second magnetizable layers across the spacer layer is less than the coercive
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35. A sense |layer of claim33 further conprising: a thinner layer, relative
to the first magneti zabl e | ayer, of CoFe interposed between the spacer
| ayer andwOha/083erest magneti zabl e | ayer; and a thinner | apemr/uSosizmii ve to
t he second magneti zabl e | ayer, of CoFe interposed between the spacer |ayer
and the second magneti zable layer. 53 WO 03/085674 PCT/US03/07843 36. A
magneti c nenory structure of claim33 wherein antiferromgnetic exchange
coupling between the first and second magnetizable |ayers across said
spacer | ayer is between 0 and <= 200 Ce. 37. A magnetic nenory structure
of claim33 further conprising a row |line conductor coupled to provide a
magnetic field to said sense layer and a colum |ine conductor to provide
a magnetic field to said sense |ayer, wherein said pinned |ayer has a
magnetic field orientation which is substantially within 15 degrees of an
axis of said row |line when antiferromagnetic exchange coupling between the
first and sécldnalucagfarhs cacrafshe sad firgpaserondayegndtizabledayeswhicthhes 0 and <=
100 Ce.

the largest coercive field value.

39. A method for manufacturing a magnetic memory element

comprising:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;
forming a tunnel barrier layer over the pinned layer; and

forming a sense layer over the tunnel barrier layer, said sense layer
having a first and second ferromagnetic layer separated by a spacer layer and a
characteristic which results in stray field coupling and antiferromagnetic

exchange coupling between said first and second ferromagnetic layers.

40. A method of claim 39 wherein the act of forming said sense layer

further comprises:
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38. A magnetic nenory structure of claim 33 wherein the spacer |ayer

t hi ckness is such that the antiferromgnetic exchange coupling between the
first amolgoeteds magneti zabl e | ayers across the spacer | &g@rusoyoisess t han
t he coercive 54 WD 03/085674 PCT/US03/07843 field value of the one of the
said first or second magneti zabl e | ayer which has the |argest coercive
field value. 39. A nethod for manufacturing a magnetic nenory el enent
conprising: formng a pinned or reference layer with a magnetization in a
first direction over a substrate; formng a tunnel barrier |ayer over the
pi nned | ayer; and form ng a sense |ayer over the tunnel barrier |layer, said
sense layer having a first and second ferronmagnetic | ayer separated by a
spacer |layer and a characteristic which results in stray field coupling
and antiferromagnetic exchange coupling between said first and second
ferromagnetic layers. 40. A nethod of claim 39 wherein the act of formng
sai d sense | ayer forming said first magnetization layer over the tunnel barrier layer;

forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

41. A method of claim 40 further comprising smoothing a surface of

the pinned layer before forming another layer on said pinned layer.

42. A method of claim 40 further comprising smoothing the first

magnetization layer before forming a spacer layer.

43. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising NiFe.
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further conprises: 55 WD 03/085674 PCT/US03/07843 formng said first
magneti zation | ayer over the tunnel barrier layer; formng a spacer |ayer
over the Wprswsswagneti zation | ayer; and form ng the seconaCrapn®oiszati on

| ayer over the spacer |ayer. 41. A nethod of claim40 further conprising
snoot hing a surface of the pinned |ayer before form ng another |ayer on
said pinned layer. 42. A nmethod of claim40 further conprising snoothing
the first magnetization |ayer before form ng a spacer layer. 43. A nethod
of claim40 wherein said first and second magnetizable |ayers are forned
of a material conprising NiFe. 56 WD 03/ 085674 PCT/ US03/07843 44. A nethod
of claim40 wherein said first and second magneti zable |ayers are forned
of a material conprising CoFe. 45. A nethod of claim40 wherein said first
and second magneti zabl e

44, A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising CoFe.

45. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Co.

46. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Fe.

47. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Ni

48. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising NiFeCo.
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| ayers are fornmed of a material conprising Co. 46. A nethod of claim40
wherein said first and second nagneti zable |ayers are fornmed of a materi al
conpri si MNyoma/08674 A met hod of claim40 wherein said firstcanboyesasnd
magneti zable |ayers are forned of a material conprising NN 48. A net hod of
claim40 wherein said first and second magneti zable I|ayers are forned of a
mat eri al conprising Nl FeCo. 57 WD 03/085674 PCT/US03/07843 49. A nethod of
cl ai m 40 wherein said spacer |ayer conprises a Ru layer. 50. A nethod of
cl ai m 40 wherein said spacer |ayer conprises a Cu layer. 51. A nmethod of
cl aim40 wherein said spacer is a conductor that is not ferromagnetic or
antiferromagnetic. 52. A nethod of claim40 wherein said spacer |ayer is
formed with a thickness such that the antiferromagneti c exchange coupling
bet ween said first

49. A method of claim 40 wherein said spacer layer comprises a Ru

layer.

50. A method of claim 40 wherein said spacer layer comprises a Cu

layer.

51. A method of claim 40 wherein said spacer is a conductor that is

not ferromagnetic or antiferromagnetic.

52. A method of claim 40 wherein said spacer layer is formed with a
thickness such that the antiferromagnetic exchange coupling between said first
and second magnetizable layers is less than the coercive (H) field value of the
one of the first or second magnetizable layer which has the largest coercive field

value.
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and second magnetizable layers is |ess than the coercive (H) field value of
the one of the first or second nagneti zabl e | ayer which has the | argest
coer ci ve WpeBasseval ue. 58 WO 03/ 085674 PCT/ US03/ 07843 53 PCAV/USBY/bMBd3 Of
claim40 where formng said layers is such that the |ayers are forned of a
material and thickness sufficient to provide stray field coupling and
antiferromagneti c exchange coupling, said antiferromagnetic exchange
coupling is within the range of 0 to <= 300 Ce between the first and
second | ayers across said spacer layer. 54. A nmethod of claim40 wherein
said step of formng the first and second magnetization |ayers includes
formng said first and second layers including NiFe. 55. A nethod of claim
40 wherein second layer is forned with a thickness t and first layer is
formed with a thickness greater than t. 56. A nethod of claim40 further
conprising: form bg. A mleithmkof dlayet( whekafdrmeng eaid heayefsiis suchnhgnetd zabl e
| ayer, of Co

layers are formed of a material and thickness sufficient to provide stray field

coupling and antiferromagnetic exchange coupling, said antiferromagnetic
exchange coupling is within the range of 0 to <= 300 Oe between the first and

second layers across said spacer layer.

54. A method of claim 40 wherein said step of forming the first and
second magnetization layers includes forming said first and second layers

including NiFe.

55. A method of claim 40 wherein second layer is formed with a

thickness t and first layer is formed with a thickness greater than t.

56. A method of claim 40 further comprising:

forming a thinner layer, relative to the first magnetizable layer, of Co

interposed between the spacer layer and the first magnetizable layer; and
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i nt erposed between the spacer layer and the first magnetizable |ayer; and
59 WO 03/085674 PCT/US03/07843 formng a thinner |ayer, relative to the
second nmeywoaBioswmid e | ayer, of Co interposed between the spagarsoseises and
t he second magneti zable layer. 57. A sense layer of claim40 further
conprising: formng a thinner layer, relative to the first nmagnetizabl e
| ayer, of CoFe interposed between the spacer |ayer and the first
magneti zabl e | ayer; and formng a thinner layer, relative to the second
magneti zabl e | ayer, of CoFe interposed between the spacer |layer and the
second magneti zable layer. 58. A nethod for manufacturing a nmagnetic
menory el ement conprising: formng a sense | ayer over a substrate, said
sense layer having a first and second ferromagnetic |ayer separated by a
spacer |l ayer and a characteristic which results in stray field coupling
and anti f er r omagnfdriing x chimngelagen) ptlatng toahwserondsmgndtizable layed, sfecond
ferromagnetic | ayers across said spacer |ayer; 60

Co interposed between the spacer layer and the second magnetizable layer.

57. A sense layer of claim 40 further comprising:

forming a thinner layer, relative to the first magnetizable layer, of CoFe

interposed between the spacer layer and the first magnetizable layer; and

forming a thinner layer, relative to the second magnetizable layer, of

CoFe interposed between the spacer layer and the second magnetizable layer.

58. A method for manufacturing a magnetic memory element

comprising:

forming a sense layer over a substrate, said sense layer having a first and
second ferromagnetic layer separated by a spacer layer and a characteristic which
results in stray field coupling and antiferromagnetic exchange coupling between

said first and second ferromagnetic layers across said spacer layer;
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WO 03/ 085674 PCT/US03/07843 formng a tunnel barrier |ayer over the sense
| ayer; and formng a pinned or reference |layer wwth a nagneti zation in a
first diweasiosss7over a said tunnel barrier. 59. A net hod Pofi/tcdhadTu58
wherein the act of form ng said sense |ayer further conprises: formng
said first magnetization |ayer over the tunnel barrier layer; formng a
spacer |ayer over the first magnetization layer; and formng the second
magneti zati on | ayer over the spacer layer. 60. A nethod of claim58 wherein
said spacer layer is formed with a thickness such that the
antiferromagneti c exchange coupling between said first and second
magneti zable layers is less than the coercive (H field value of the one
of the first or second nagnetizabl e | ayer which has the | argest coercive
field value. 61 WO 03/085674 PCT/US03/07843 61. A nethod of claim?58
where formng said |ayers is such that the
forming a tunnel barrier layer over the sense layer; and
. forming a pinned or reference layer with a magnetization in a first

direction over a said tunnel barrier.

59. A method of claim 58 wherein the act of forming said sense layer

further comprises:

forming said first magnetization layer over the tunnel barrier layer;

forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

60. A method of claim 58 wherein said spacer layer is formed with a
thickness such that the antiferromagnetic exchange coupling between said first
and second magnetizable layers is less than the coercive (H) field value of the
one of the first or second magnetizable layer which has the largest coercive field

value.
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| ayers are fornmed of a material and thickness sufficient to provide stray
field coupling and antiferronagnetic exchange coupling, said
anti f err owegn®sicc4 exchange coupling is greater than 0 an@CTASAHO7S@e
between the first and second |ayers across said spacer |ayer. 62. A nethod
of claim58 wherein second nagnetizable layer is formed wth a thickness t
and first magnetizable layer is forned with a thickness greater than t.
63. A nmethod for manufacturing a nmagnetic nenory el enment conprising:
formng a pinned or reference layer with a nmagnetization in a first
direction over a substrate; snoothing a surface of the pinned | ayer;
formng a tunnel barrier |ayer over the pinned |ayer; and 62 WO 03/085674
PCT/ US03/ 07843 form ng a sense |layer over the tunnel barrier |ayer, said
act of formng said sense |ayer conprising:
61. A method of claim 58 where forming said layers is such that the

layers are formed of a material and thickness sufficient to provide stray field

coupling and antiferromagnetic exchange coupling, said antiferromagnetic

exchange coupling is greater than 0 and <= 200 Oe between the first and

second layers across said spacer layer.

62. A method of claim 58 wherein second magnetizable layer is
formed with a thickness t and first magnetizable layer is formed with a thickness

greater than t.

63. A method for manufacturing a magnetic memory element

comprising:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;

smoothing a surface of the pinned layer;

forming a tunnel barrier layer over the pinned layer; and
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formng said first magnetization |ayer over the tunnel barrier |ayer;
snoot hing the first nmagnetization |ayer; formng a spacer |ayer over the
first magwetmsmsisron | ayer; form ng a second nagneti zati omCrayses/0s¥er of
the spacer layer; said first and second nagneti zation | ayers and spacer
| ayer being formed such that said |layers are stray field coupled and
antiferromagneti c exchange coupl ed across said spacer |ayer; said first
and second magnetizabl e |ayer are formed having a magnetic saturation
times said first layer's thickness which is not equal to said second

| ayer's magnetic saturation tinmes second | ayer thickness of the second
magneti zabl e | ayer. 63 WO 03/ 085674 PCT/ US03/07843 64. A nethod of claim
63 wherein said spacer layer is formed with a thickness such that the
antiferromagneti c exchange coupling between said first and second
magnet i zabl e | ayef@niisg heessctliyan ovérethe aenuéhbariidd)layer cdadd aalafdoohinghe one
of the first or second nmagneti zabl e | ayer which has the | argest coercive
field said sense layer comprising:

forming said first magnetization layer over the tunnel barrier layer;
smoothing the first magnetization layer;

forming a spacer layer over the first magnetization layer;

forming a second magnetization layer over of the spacer layer;

said first and second magnetization layers and spacer layer being
formed such that said layers are stray field coupled and antiferromagnetic

exchange coupled across said spacer layer;

said first and second magnetizable layer are formed having a magnetic
saturation times said first layer’s thickness which is not equal to said second
layer’s magnetic saturation times second layer thickness of the second

magnetizable layer.
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val ue. 65. A nethod of claim®63 wherein sense |layer is fornmed having
antiferromagneti c exchange coupling between first and second nmagneti zati on
| ayer of worog/osdean zero and | ess than a val ue whi ch prevemrC3/usagjomsts c
orientation switching of said sense |ayer in the presence of an applied
magnetic field. 66. A nethod of claim63 wherein said first magnetization
| ayer, spacer |ayer and second magnetization |layer are fornmed of nmaterials
and thickness' sufficient to provide stray field coupling and
antiferromagnetic exchange coupling between said first and second
magneti zabl e | ayers and across 64 WO 03/085674 PCT/ US03/ 07843 said spacer
| ayer, said antiferronagnetic exchange coupling is greater than 0 <= 200
Ce. 67. A nethod of claim63 wherein the second magnetization |ayer is
formed with a thickness t and first layer is formed with a thickness
greater than t.
64. A method of claim 63 wherein said spacer layer is formed with a

thickness such that the antiferromagnetic exchange coupling between said first

and second magnetizable layers is less than the coercive (H) field value of the

one of the first or second magnetizable layer which has the largest coercive field

value.

65. A method of claim 63 wherein sense layer is formed having
antiferromagnetic exchange coupling between first and second magnetization
layer of more than zero and less than a value which prevents magnetic

orientation switching of said sense layer in the presence of an applied magnetic

field.

66. A method of claim 63 wherein said first magnetization layer,
spacer layer and second magnetization layer are formed of materials and
thickness’ sufficient to provide stray field coupling and antiferromagnetic

exchange coupling between said first and second magnetizable layers and across
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68. A nethod for manufacturing a magnetic nenory el enment conprising:
formng a pinned or reference layer with a magnetization in a first
di recti orwowansm7substrate; formng a conductive | ayer ovecTtuses/wismhed
| ayer for creating a giant mnagnetoresistance effect; and form ng a sense
| ayer over the tunnel barrier layer, said sense layer having a first and
second ferromagnetic | ayer separated by a spacer layer and a 65 WO
03/ 085674 PCT/ US03/ 07843 characteristic which results in stray field
coupling and antiferromagnetic exchange coupling between said first and
second ferromagnetic |ayers. 69. A nethod of claim68 wherein the act of
formng said sense layer further conprises: formng said first
magneti zati on | ayer over the tunnel barrier layer; formng a spacer |ayer
over the first magneti zation layer; and formng the second nagnetization
| ayer over the spacer |ayer.

said spacer layer, said antiferromagnetic exchange coupling is greater than 0 <=

200 Oe.

67. A method of claim 63 wherein the second magnetization layer is
formed with a thickness t and first layer is formed with a thickness greater than

t.

68. A method for manufacturing a magnetic memory element

comprising;:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;

forming a conductive layer over the pinned layer for creating a giant

magnetoresistance effect; and

forming a sense layer over the tunnel barrier layer, said sense layer

having a first and second ferromagnetic layer separated by a spacer layer and a
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70. A nmethod of claim®68 where formng said |ayers is such that the |ayers
are formed of a material and thickness sufficient to provide stray field
coupl i ng wod3asierf er r omagnet i ¢ exchange coupling, said antcrasodomghet i c
exchange coupling is within the range of 0 to <= 300 Ce between the first
and second | ayers across said spacer layer. 66 WO 03/085674 PCT/US03/ 07843
71. A nmethod of claim68 wherein second |ayer is forned with a thickness t
and first layer is formed with a thickness greater than t. 72. A sense

| ayer of claim®68 wherein the pinned |ayer is a synthetic ferrimgnet. 67

characteristic which results in stray ficld coupling and antiferromagnetic

exchange coupling between said first and second ferromagnetic layers.

69. A method of claim 68 wherein the act of forming said sense layer

further comprises:

forming said first magnetization layer over the tunnel barrier layer;

forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

70. A method of claim 68 where forming said layers is such that the
layers are formed of a material and thickness sufficient to provide stray field
coupling and antiferromagnetic exchange coupling, said antiferromagnetic
exchange coupling is within the range of 0 to <= 300 Oc between the first and

second layers across said spacer layer.
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71. A method of claim 68 wherein second layer is formed with a

thickness t and first layer is formed with a thickness greater than t.

72. A sense layer of claim 68 wherein the pinned layer is a synthetic

ferrimagnet.
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