12 Septenber 2006 SYNTHETI C- FERRI MAGNET SENSE- LAYER FOR HI GH DENSI TY MRAM
APPLI CATI ONS FI ELD OF THE | NVENTI ON [ 0001] This invention rel ates
generally to the field of nonvolatile menory devices for use as conputer
storage, and in particular to nonvolatiile nmenory arrays that use ma%neti C

menory el enments as the individual data bits. BACKGROUND o

[ 0002]

| ON
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. 12 Septenber 2006
[(0003] An MRAM device typically includes an array of nagnetic nenory

el ements 11 | ocated at the intersections of rowline 13 and colum |ine 15
conductors as illustrated in Figure 1. A sinple nagnetic 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 clements as the individual data bits.

BACKGROUND OF THE INVENTION

[0002] Integrated circuit designers have always‘ sought the ideal
scmicondu’ctor 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 thesc advantages.



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

el ement includes ferromagnetic |layers 17 and 19 separated by a nonmagnetic
| ayer 21. The magneti zation in one ferronmagnetic |layer 17, typically
referred to as the pinned layer, is fixed in one direction. Th

magneti zation of the other ferromagnetic |ayer 19, ofteHZE@P@FﬁﬁﬁmF@ as
the sense layer, is not pinned, so its mnagnetizationis 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 ated wit si,stance val ue, and.the, resi stance.of the nenor

el ement is de&@ﬁrﬁe&‘bm@ &W%W@‘B\‘ F’é!ﬂ@t‘i“ﬁﬁ“@y Ofﬁéago”é'fﬂgglqlﬁ9ér
magneti zation with respect to the pinned | ayer nmagnetization orientation.
A parallel ori gﬁl’“&f‘ﬁoﬂ @Fatedné%gw@m@ms&f oW lmgl @wiéoluaybhnW%

respect to the pinned layer 2 12 Septenber 2006
conductors as illustrated in Figure 1. A simple magnetic memory element has a

structure which is shown in more detail in Figure 2. The magnetic memory
element 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 magncﬁzation 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 magnetic nmenory clement will show a high
resistance. Referring to Figure 2, the manner in which the resistance of
the nenory elenent is read is dependent on the type of material u to
formthe ~nonnmagnetic spacer layer 21 separating the pinﬂ3§@P§V§Fr§&%%rom
the sense layer 19. |If the nonmagnetic spacer |ayer 21 is nade froma
conducting material, such as copper, then the resistance val ue 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
i'nsul ating 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
nonmagneti c ; I ; e : | jayer 17.
00059 A 1 ogreaprgRad sl W T AR G i b e T
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clement is read is dependent on the type of material used to form the
nonmagnetic spacer layer 21 separating the pinncd 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] A logical “0” or “1” is usually written into the magnetic memory
clement by applying external magnetic fields (via an electrical current) that
 rotate the magnetization direction of the sense layer. Typically an MRAM

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



3 12 Septenber 2006 the pinned |ayer aligns along an axis known as the
easy axis 27. External nmagnetic fields arc applied to flip the orlentatlon
of the sense layer along its easy axis to either the parallel

anti-parallel orientation with respect to the orientatiaon of

magneti zation of the pinned |ayer, depending on the |ogid?2 S§P§Fgmf%0%%
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 running a current through the colum line 15 is referred,to herein as
the easy-axis thei pined jayerpligns alongan axis knqwn awthe easyaxis 24o/bxterdal with t he

easy axis 23 of the MRAM
magnetic ficlds arc applied to flip the orientation of the sense layer along its

easy axis to either the paralle] or anti-parallel orientation with respect to the
oricntation 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 (clectrical conductors) that are used to apply external magnetic
ﬁclds 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 thc two conductor level
implementation shown in figure 1, the magnétic memory clements 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 casy-axis write
field. The easy-axis write ficld 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 Il (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 field. 4 12 Septenber 2006 The hard-axis wite field generated by
the row conductive line 13 runs parallel to the hard aX|s 25 of tE
bit 11. [0008] A mermory element is selected for witing WASSPIEMbES osed
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 clenent. 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 fi CTHe ifdyaed @R ficldRncardd bethd fow oogdittive dine lidt fune pafallell her by
passi ng current through conductors 13, 15 (Fig. 1) intersecting at the

sel ected cl ePiMe hatdSxibb oFitE RERAM bite s€l ect ed nenory el enent being
accessed for a

[0008] A memory clement is sclected for writing when it is exposed to both
a hard-axis and an easy-axis write field. Each write ficld, 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 clement. 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
clement. The bit stércd at the selected memory element being accessed for a

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

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

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



read or wite operation is referred to herein as a "selected bit". [0009]
This method for selecting a bit for witing is not ideal. During a wite
operation, the unel ected nenory elenents coupled to the particular colum
line 15 are exposed to the easy-axis wite field. Simlar]ly theh5 ‘}é

Sept enber 2006 unel ected nenory el enents 11 coupled to tlﬁegeﬁéﬁnf al% row
line 13 are exposed to the hard-axis wite field. It is thus inportant to
limt stray magnetic fields in the array of MRAM nenory el enents to a

val ue that cannot cause half-selected bits to be witten. Sonme sources of
stray fields include fields from neighboring wite conductors, stray
fields emanating fromthe ferromagnetic |ayers of nei ghboring nenory

el enents, and fields generated by sources external to the MRAM devi ce.
These stray fields may also inhibit a selected nenory elenment from being
witten, if the conbined value of the stray, hard- axis, and easy-axis

fields is too small for a bit_to be itten. Anot hert source.of,.non-ideal
behavi or t hat Hﬁ?ﬁl‘fcé%‘fg‘ci“?%lc}cq‘?f“ﬂ]l CW"P’(%B t&f?‘Fé’ﬁfn Jerdpse B alcite a

menory el ement results fromthe difficulty in making an array of NMRAM,
exposed to the hard-axis write field. It is thus important to limit stray magnetic

fields in the array of MRAM memory clements to a value that cannot cause
half-selected bits to be written. Some sources of stray ficlds include fields from
neighboring write conductors, stray fields emanating from the ferromagnetic
layers of neighboring memory ;lcmcnts, 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 ficlds. Some
sources of this effect include variations in element-to-clement gcometry,
variations in element-to-clement magnetic propertics, and thermally activated
- magnetization fluctuations. Therefore, the particular value of the hard and
easy-axis write fields, and thus the row and column line write currents, is a

compromise such that selected memory elements are sclected with enough



menory el enments that respond identically to the applied wite fields. Sonme
sources of this effect include variations in elenent-to-clenment geonetry,
variations in el enent-to-el ement magnetic properties, and thernally
activated magnetization fluctuations. Therefore, the particular v b of
the hard and easy-axis wite fields, and thus the row ad&égm: r? ﬁg
wite currents, is a conpromse such that selected nenory el enents are
selected with enough 6 12 Septenber 2006 margin that they are al ways
witten and unsel ected nenory el enents are never exposed to a field large
enough that they are unintentionally witten. [0010] Thermal effects, such
as superparamagnetismor thermally activated magnetization 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

singl e-layer eRse dariéy a&mSemﬁ@ﬁ Sndahiecl @B itich Sl lelerfédt! hiedvet O

overconme as the bit density of the MRAM device is increased. [0011] Ther mal

fluctuation i&p@scﬂaﬁm H&HMaﬁé@UnBﬁEH%ﬁMcm ﬁﬁﬁ%‘nﬁnaﬂy 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 sensc layer, these effects will be extremely difficulr to

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

[0011] Thermal fluctuation in a seemingly unfluctuating macroscopic
observable quantity, suéh 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 material,
Is an abstract concept. The orientation and nagnitude of the nagnetization
of a ferromagnetic material are in actuality statistical quantltles

any material, fluctuations in thermal energy are contlnual ogc éﬁ g on
a mcroscopic scale, where the magnitude of the thernal f

determ ned by the tenperature T of the material. These fluctuatlons mhen
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 12 Septenber 2006 any atomin a ferromagnetic
material to have a magnetic nonent oriented in a particular direction is
proportional to the Boltzmann factor, c", KbT. Here, Uis the energy
associated with, in this case, a particular magnetic nonment orientation and
Kb is Boltzman's constant. As the energy of a particular atomc nonment
orientation decreases, or as T and thus the thermal energy increases, the
li kel i hood of 2 HOBNMafarrmegnessemtcraliterhave aimagnepisr momensrorignteskiniaon
for a fixed period of time decreases. If the ratio of U KbT becones snal
enough, particular direction is proportional to the Boltzmann factor, ¢ ®", Here, U is

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 increascs,
the likelihood of an atom having a moment oriented in a particular direction for
a fixed period of time decreases. If the rado 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
clement 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 magnedzation 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, / KT 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 ement may be thought of as a collection of atom c magnetic nonents or
spins that are tightly coupled together and aligned in the sane di @%ion.
The energy required to orient the magnetization of the §§§§BWF§VE?8 n
thus be considered as the product of sone energy density tinmes the vol une
of the sense layer, Uv - W. As the tenperature increases or as the sense
| ayer volume decreases, the likelihood of the sense layer to be found in a
particular orientation decreases. Again, if U . / 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 12 Septenber 2006 tinmes. Wait |ong
enough and a fluctuation can spontaneously reverse the nagnetization. A

magneti c MeMBhyese VRAR ng Slughtih dSPARERRESH 841V spoRitficdRslylréveriPgiRet | zati on
on a time scale short conpared to the required data reténtion tine is said
to have hit (e SHRRIRAT ATRANREL Mdhd cleitnd (b SHPPORBIRTRLIY Fovctse its

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 elements 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 specificd

time interval, or it may write a half-selected bit in a specified time interval.

Note that increasing MRAM memory density necessitates a decreasc 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 clements also suffer from inter-bit
interactions resulting from stray magnetic fields that emanate from the
magnetic memory clement 11 sense layers. The sense layer of an MRAM
memory clement 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 sel ected
menory elenent, as a thermal fluctuation nay inhibit a bit fron1wwiting in
a specified tinme interval, or it may wite a half-sel ect 5% b%t N> 86
specified tine interval. Note that increasi ng MRAM nennr

necessitates a decrease in the volune of an MRAM bit and thus pushes t he
technol ogy closer to the superparamagnetic limt or to the reginme 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 dosed magnetic flux structure. It thus fornms poles at
the edges of the sense layer in response to 9 12 Septenber 2006 the

Fi el d Cher of oIS SRENGRE Rl i R BRCREGITAAER ThE REBHALAl DoAY o
sense field therefore changes with the oricntation 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 ficlds from the neighboring bits may, however, be
significant compared to the field required to switch the bit. In future MRAM
designs, memory clements 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 clement 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 el'enent in an MRAM array, the stray fields fromthe nei ghboring
bits may, however, be significant conpared to the field required to switch
the bit. In future MRAM designs, nemory el ements will né@dPopimher g8k ed
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 enment and reduce nenory el enent sensitivity to therna
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 thermal fluctuation instability and
stray field interactions, through the use of an inproved sense |ayer. The
proposed stack of the nodified MRAM bit 11 is 10 12 Septenber 2006

constructed whidinRel RS syfrcti iRkt 35 tHe\RniEARE, PhiCiense geSignse
| ayer is designed so ttEatéyt e synthetic ferri mrsigne S ferro?raggeti c layers
are both str @¥signed so that the synthetic ferrimagnet’s ferromagnetic layers are both stray

field coupled and antiferromagnetically exchange coupled via an RKKY

intcraction 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 clements 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

I nteraction through a spacer |ayer conposed of a netallic conpound, such as
Ru or Cu. BRI EF DESCRI PTION OF THE DRAW NGS These and ot her features and
advant ages of the invention will be better wunderstood fron1the folbq¥nng
detail ed description, which is provided in connection wilgmpepisgber 200
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 nagnetic nenory
bit; Figure 2b shows a top view of a magnetic nmenory bit constructed in
-accordance with an exenplary enbodi nent of the invention; 11 12 Septenber
2006 Figure 3 shows a cross section view of a magnetic nmenory el enent
constructed in accordance with an exenpl ary enbodi nent of the invention;

Figure 3 shows a cross section view of a magnetic memory clement

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 clement
sense layer constructed in accordance with an exemplary embodiment of the

invention;

Figure 5¢ shows a view of two neighboring bits with stray ficlds 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 nvention displaying magnetic field and magnetic noment attributes; Figure
5 shows the relationship between stray field and synthetic  ferri t top
| ayer thickness for an exenplary enbodi nent of the invenﬂ#&#?mnﬁﬁg§8@?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 enbodi nent of the invention with a hysteresis
| oop for a sense layer without a synthetic ferrimgnet; 12 12 Septenber

2006 Figure 7 shoywgy,geGOlRANs S QUnfiristn BFARidde it §SRIQR 160p T2 T OT
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;

Figurc 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 inventon;

and

Figure 10 shows a processor system incorporating MRAM memory
devices having memory clements 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 nmagnetic menory el ement sense |ayer w thout antiferromagnetic RI CKY
exchange coupling; Figure 8 shows a conparison of magnetic field intensity
required to performa wite operation on a synthetic sed&§qﬁﬁwgﬁr2
constructed in accordance wth an exenplary enbodi nent of the invention
when antiferromagnetic RI CKY 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
invention. 13 12 Septenber 2006 DETAILED 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 ficld, 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 rcad magnetic memory elements 11 in addition to writing the memory

clements 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 ¢lement 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 )
elenents 11. A plurality of colum conductive lines 15, also called col umm

lines, is each respectively fornmed over a plurality of nenmpry el e s 11
in each colum of the array 9. A plurality of row conduc’t%%?mheég‘a%,-

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 is AN b pHAREs oft difay8 B GHEmBA eledneAtsha @e{rms&w@ﬁd@umm row |ine

13 above and the colum |ine 15 bel ow each nmenory el enent 11. Although

Fig. 1 depi CRRARE ofbihHURIRR sedcREd BB MRANLRIdiftk. AUGGESAREEhEO POSSI bl €.

magnetic memory clements 11 can be accomplished using a varicty 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 sccoﬁd 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 clement’s sensc
layer. The length (L) of the memory element 20 is defined as the distance
along the easy magnetic axis 23 of the memory clement’s sense laycr. 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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12 Sept enber
be provided i
readi ng of th
variety of ¢
addi tional or
| ayer as the
magneti c tunn
il lustration
plurality of
| ayer 19, for

2006 Also, a plurality of arrays 9 of nenory el enents 11
n an MRAM nenory device stacked one over the other. Also,
e nmagnetic nenory elenments 11 can be acconpllshed usi ng
onductors as well as conductor arrangenents i di.n
different conductors situated above, beloﬁzgf Fﬁm¥%gog%
sense layer. [0016] Fig. 2a shows a perspective view of a
el junction nenory bit 11, which is sinplified for
purposes. A first ferromagnetic layer 17, formed of a
stacked thin magnetic layers, and a second ferronmagnetic

med of another plurality of stacked thin nagnetic |ayers,

formed with an insul ating non-nagnetic spacer |layer 21 such as alunmn

bet ween t hem
di stance al on
| ength (L) of
easy nagnetic
di mensi on 20
element's wd

The width (W of the nenory elenent 18 is defined as th
g the hard-axis 25 of the nenory el enent’'s sense Iayer
elenent 20Q.is defi ned as the di stance

t he mar
LI eEBAnE for the Mg B BTAERC At RO ALY OFFRELORS 20 ¢
phthe seseshapss Y0 the absence of 9o @pphied magaete feldsdhs cIhergare

two possible 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
directon is usually parallel to the casy 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 clements 11 may
be formed in aﬁy desired shape, including in an cllipsoid shape, such as shown
in Fig. 2b. Bit shapes other than a rectangle may be used to improve the
magnctic 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 |layer 19 is manufactured to have a 15 12
Sept enber 2006 preferred axis for the two equilibriumnagnetization nonment
orientations 27 of the sense layer 19 in the absence of an applied
magnetic field (H. There are two possible directions of the(gggn&bbgation
of the sense layer 19 along the easy-axis 23, which defiHe¥PiemRds

magneti c nonent states 27 of the sense layer 19. In contrast, the pinned

| ayer 17 may be fabricated to only have one equilibriumor preferred
magneti c nonent direction of magnetization and this direction is usually
parallel to the easy axis 23 of the sense layer 19. The nmgnetic nonment 27
of the sense layer 17 prefers to align along the L dinension 20, or easy
axis 23, of the nmagnetic nenory elenent 11. [0017] Wiile Figs. 1 and 2a
show a nmenory elenment 11 which is rectangular in shape, it nust be
understood that the nenory elenents 11 may be fornmed in any desired shape,

e 2, TIBDLBY] PR caphomp el oo oo, |

of an array %cnqg%é’m%teﬁ?&tf} cdftitficte® Btk HUah& with the invention. The
memory element 11 is formed of a series of layers of materials formed on¢ 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 sced layer 37
for growth of an antiferromagnetic (AF) material layer 39, a first ferromagnetic
layer 41, the antiferromagnetic layer 39 and first ferromagnctic layers 41
comprising a pinned layer 43, a non-magnetic tunnel barricr 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

RKKY 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 12 Septenber 2006
[0018] Fig. 3 shows an exenplary inproved magnetic tunnel junction nenory
el ement stack 11 constructed in accordance with the invention. The nory
element 11 is fornmed of a series of |ayers of materials ﬂ&ﬁﬁ@ﬁm@ﬁﬁzgﬁ? top
of the other between a word |ine conductor 13 and a columm |ine conductor
15. The magnetic tunnel junction stack of Fig. 3 frombottomto top
conprises a substrate 31, an insulator |ayer 33, the non-ferromagnetic
metal conductive row line 13, a non-magnetic netal |ayer 35, a seed |ayer
37 for growth of an antiferromagnetic (AF) material |ayer 39, a first
ferromagnetic |ayer 41, the antiferromagnetic layer 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 | ayer ' ferro netic r. 51,.a non-ferromagnetic netal
| ayer 55, andc%égdc%%lﬂ]ﬂ %P‘?h‘}nﬁ‘g#ﬁﬁf%r’rgﬁ@.mwa@?ﬁe ASQ kRO B thegnet i s

: I i h
provided as Sﬁﬂﬁ&mﬁ#ﬂu&i@%&y@ﬂ:sﬁag] (r]hctorg?, i? g(;‘r?g el of effective interaction of

spins in a metal.

[0019] The terms ferromagnetic, antiferromagnetic, ferrimagnetic, and
paramagnetic nced 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
cach 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

18



ferromagnetic | ayer 47, spacer layer 49 and third ferromagnetic |ayer

The

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

ferromagnetic |layer 51 are constructed so that the second ferronmagnet
| ayer 47 and the third ferromagnetic |layer 51 are both

antiferromagnetically exchange coupled via an RKKY i nterlé’cs?qpéﬁﬁnlf%zg%h t he
ed as

conductive spacer layer 49 and stray field 17 12 Septenber 2006 coupl
further explained bel ow RKKY interaction, also known as the
Ruder man- Ki tt el - Kasuya- Yosi da theory, is a nodel of effective interact

of

spins in a nmetal. [0019] The terns ferromagnetic, antiferromagneti

ferrimagnetic, and paramagnetic need to be described in nore detail.
ferromagnetic material can be considered to be a material conposed of
atons, with nagnetic nonents or nore accurately, "spins", that tend t

align parallel to each other in equilibrium Because the spins of the
atons al i gn patisdnigelficld Bacthehlipose didis divdiesurayla pesiivehalud of theown as a

spont aneous nmagnetization, that Is, it has a net mgnetic nonent int

absence of anxapiige fitld H&hdtes 1 frfornggidtici Gupling BedvdenUfeighboring spins.

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

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

[0020] Andferromagnetism is type of magnetism in solids, such as
manganese oxide (MnO) in which adjacent ions that behave as tiny magnets
(c.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
onc direction is canceled out by the set of magnetic atoms or ions that arc
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
with stray fields emanating fromthe material and is thus energetically
favorable. Note that in order for the spins of neighboring, ato

material to align parallel to each other there nust be sﬁﬁ%ﬂ§%?‘“3pog

I nteraction between the atons. This interaction is a quantum nmechani cal
ef fect, known as exchange interaction. The exchange interaction
alternatively may be described in terns of an 18 12 Septenber 2006
exchange field. For the purpose of this disclosure, a positive value of the
exchange field denotes a ferromagnetic coupling between nei ghboring spins.
Some conmon ferromagnetic materials include the elenents N, Fe, and Co,
and various alloys, the nost common of which is N Fe. [0020]

AL o RoAaF]| i ol FRGAESL LD MRS HUSIAT s SBRRASE O O
o ) RGPS A SR ER U o B E iy STPer 2t Ur s

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 oricntation of the atomic
spins results in zero net magnetization in the absence of an applied magnctic
field. 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,
Cofnmon 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 Curic temperature.
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material so that the material exhibits al st no gross external magnetism
In antiferronagnetic materials, which include certain nmetals and alloys in
addition to sone ionic solids, the magnetismfrom nmagnetic atons or ions

oriented in one direction is canceled out by the set of neti.c gb(%ns
lons that are aligned in the opposite direction. For t hel hi s
I nvention, antiferronagnetic exchange coupling wll denot e a negat Ive

value of the exchange field. Antiferronagnetic materials are known and can
be constructed or found in nature. Exanples of relevant antiferronmagnetic
materials that are often used to pin the pinned | ayer of an MRAM nenory

el emrent include FeWh, NiVWh, PtWh, and Irih. 19 12 Septenber 2006 [0021] A
sinple ferrinmagnetic material would be one which is conposed of magnetic
atoms with different spin values on interneshing arrays. The exchange

coupl i ng bet vio@23]ei Thofeirdthagnet® layersaahibeaixehampgreupledso ¢athiothdre
different sub lattices are oriented in opposite directions. Because the

Spi ns aSSOC'm}&@w hBn!fRoRiafbhetEehrctidh andtthiseBceis of gréat @npbitanck inet

magneti zati on exists
MRAM technology. Two ferromagnetic layers can be antiferromagnetically
coupled, that is forced to align in opposite directions, by stacking onc layer, ¢.g.
the third ferromagnetic layer 51, on top of the other layer, ¢.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 antifcrromagnetically 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-Kitrel-Yasuya-Yoshida (RKKY) interaction berween localized
magnetic moments is an exchange interaction mediated by conduction
electrons of a host metal, In general, this exchange coupling decreascs 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 magneti zati on.
The nost commonly observed class of materials that are frrimgnets are
ferrites. [0022] A paranagnet is a magnetic material where thernal
fluctuation energy is so strong that it overwhel ns the exc

I nteraction between neighboring spins. In these mat eri al § ﬂﬁ%ﬂpgﬁﬁgﬁ1
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, Commobn paranagnetic
materials include Al and K Note al so that ferronagnetic nmaterials becone
paramagnetic.at high tenperatures, where the effect of thermal fluctuation

overwhel ns the exchan e i.nteraction., dhi s t he
Curi e tenper aPBFEomﬁﬁ q of %Bf‘g%é’?ﬂ gonta(gaggpsgq%@a?}} %Hﬁé‘%‘é@"&%ﬁ ayers
can be exchange goupled to each ot her

conductive interlayer.

[0025] The spacer layer, e.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 antifcrromagngtic 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 ficld 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 element 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 NMRAM technol ogy. Two ferromagnetic | ayers can be
antiferromagnetically coupled, that is forced to align in opposite
directions, by stacking one layer, e.g. the third ferroma etiﬁg%%&@é 51,
on top of the other layer, e.g. the second ferronagnetiézl tembgy - th 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)

I nteraction between |ocalized nmagnetic nonents is an exchange interaction

medi ated by pOOSSF! iFMBurctd SdwONScheinaic PgsiksciRitiin of D@8 sectibn dffai s
exchange coupl i ng decfeases in nmagnitude and oscill ates between

fer romagnet | g eQupl im0k ALY B4ARABE S3OARIRAN QA bRt N0

spacer | ayer cknes I on e magneti1 c coupling
between ferr BradLrl 86&%ddimcnsions 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 nced 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 casy
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antiferromagnetic alignment, as a function of interlayer thickness, is a
general 21 12 Septenber 2006 phenonenon of transition netal ferromagnets
Separated by a nonmagnetic conductive interlayer. [0025] The spacer | ayer,
e.g. 49, of a synthetic ferrimgnet or antiferromagnet nu be of tabl e
t hi ckness and conposed of a suitable material (e.g. Ru ?ﬁﬁ

all oys) so that the exchange coupling produced between the tmo
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

i nteraction that occurs through the spacer |ayer 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 t he spacer |ayer 49,
exi sts |nned|ate aft r the t|c f|| ar I ted. Stra field
coupling is AEht W%ﬁﬁ? cé?‘éﬁ?éﬁcr%(}sépatﬁ@@ HB"%kchange

coupling

shape of finite spatial extent, it produces a stray magnetic field 73 that passes
through the volume of layer 51. The stray magnetic ficld 73 is defined as
Hdl2. 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 ficld 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 ficld 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 nensi ons. 22 12 Septenber 2006 [0026] Figure 4 shows a schematic
representation of a cross-section of a synthetic ferrinmagnetic sense | ayer
portion 53 of an MRAM device, which will be used to define ginen i%ﬂﬁ and
parameters essential for describing the invention. The s¥h ﬁ%@?ﬁm' 6
ferrimagnetic sense |ayer 53, is conposed of two ferromagnetic |ayers 47
and 51, separated by a conducting netal 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 wdth W It is assuned 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
conposed of EOO2F) odngrdir 1o bailder symtherid ferrivaggeiticaansedaydvibindyeslinedtsi on
magneti zation Msatl, and a thickness tl such that if |ayer 47 was

magneti cal |y befehe, ahidh didludeltiecisdd @ikert bie irtkAckons And\Hprdved viserihal
coercivity of Hcl. In the absence of an

stability, two conditions must be obeyed. First,
Msatl *t] # 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 ficld coupling alone would provide. In particular, Hexc

allows the designer more freedom in choosing tl, t2, and bit shape than would
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applied magnetic field, ML will orient in one of two possible directions
along an easy axis. Likew se, layer 51 is conposed of a ferromagnetic
material with nagnetization M2, saturation nagnetization Msat2 and
thickness t2, such that if layer 51 was nmagnetically isolated fromthe
stack, it would have a coercivity of Hc2. In the absence2otepimbske@Phal
magnetic field, M2 will orient along an easy 23 12 Septenber 2006 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 that passes
t hrough the volunme of |ayer 51. The stray magnetic field 73 is defined as
Hd12. Wthin the volune of |ayer 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 nmagnetic field 71 that passes
t hrough the volune of layer 47. The stray magnetic field 71 is defined as

Hd21. Wthin  the vcil ume of | r. 47 1 points in,fa di recti.on opposite
to the orient B¢ Pe#fblsing only %ﬁ&fd@eﬁg@ﬁ tPrappFoHIHETrRMAgnEts sou

deposited with thickness, ts, the spacer layer 49 will nediate an
ant i f er r omagnbetweenlaiestardapl i ng

[0028] An embodiment of the invention can also be implemented using
gimt 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 planc of the bit 11 (as opposed to perpendicular as in the
TMR MRAM bit 11 casc). 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 5c. 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 layers 47 and 51. This definition of the exchange field is for
illustrative purposes only, and the invention is not |ntended to 25
restricted to a case of equal exchange field magnitude i %N@W@ﬂ 0%nd
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 12
Sept enber 2006 [0027] In order to build a synthetic ferrimgnetic sense

| ayer and realize its benefits, which include decreased inter-bit

i nteractions and inproved thermal stability, two conditions nust be
obeyed. First, Msatl*tl * Msat2*t2, which ensures that there is sufficient
net moment in the sense layer that it can be witten at a reasonable wite

field val ue. fSesQnef Nitle(aHS). {S&h recswcshé @;La\(:cx049 eRtredaltioa ¥Bndictivg!

tines. In a real device, however, there wll
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
ncighboring bit. Referring again to figure 5a, a 4 nm thick single layer bit
would produce an interaction ficld 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 ficlds 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 neighboring 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

sensc 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 M and M to
remai n oppositely oriented the stray fields Hd12 and Hd21, and exchange
field Hexc nust be set so that the antiferromagnetic orientation between
ML and M2 is stable under all operating conditions. The &%§F@ﬁ%£e%§bo
synthetic ferrimagnetic sense layer thus has to properly select the
appropri ate conbi nati ons of the paraneters Msatl, Mat2, tl, t2, ts, Hcl,
Hc2, and the spacer material in order to build a robust device. The
i nclusion 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 t1, t2, and bit shape than would 25
12 Septenber 2006 be possible using only Hd1l2 and Hd21 to produce
antiferromagnetic coupling between |ayers 47 and 51. [0028] An enbodi nment
of the inventi can sqQ be inplenented .ysi I,ant gnet oresi stive
(GWR) sensors. G%CS‘E}P%Y%HDWE“?#%&PEN ‘ﬁ% %Yg'mféic fg%ﬁ??%“clf%n% Il be
replaced with a conductor such as cquer. Witing would be )

layer is demonstrated in figure 6. Fig. 6 shows a comparison of a hysteresis

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 encrgy may be expressed as E
= Y5 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 cocrcive 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 parallel to the plane of the bit 11 (as opposed to perpendicul ar as
in the TMR MRAM bit 11 case). A different arrangenent of rom11%¥9§8 %olunn
15 conductive lines or additional conductive |ines may Héfﬁ@ﬁﬁ? £dVU9% read
a MAMDbiIt with a GVR sensor. [0029] Fig. 5a shows a cal culation of the
inter-bit stray field, Hib, at 150 nm enmanating 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 Hb, is shown schematically in figure 5¢c. 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 ferronmagnetic |ayer 51 26 12
Sept enmber 2006 forned of N Fe(4nm). (See figure 5b) The spacer 49 naterial
i's a conducti[gD31fet FHgure 7 shipdss adhickehugiRiticGirhuhtidndfarsyhthieels and can be

formed fromCu, Ru or alloys of various netals. Conpared to a single |ayer

sense | ayer, fRrriigdtRicisense layer with Hexc = 0 Oc and Hexc = 200 Oe. The
comparison between the Hexc = 0 Oe and the Hexc = 200 Oc cases is made in
order to show the advantage of including an mﬂfcrromagncdc 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 simultaneously and thus remain oriented in
opposite directions. The jump in M that occurs at the fields HO1 and HO3,
results when onc 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
single layer bit would produce an interaction field at 150 nmfromthe bit
end of 15 Ce. As the thickness of the top |ayer of the s§$§het|
ferrimagnetic sense layer is increased, the stray field FHiem gﬁﬁﬁﬁorlng
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

working  sence bage BIn a FARESRE utihe Y Sripiagnfiic st ivst 8 BsHHE° °

Septenber 2006, 0030 T1c,e Rh Sk LASLAR E4i2D! Tt Yuiohs BT/ O o
HO3 all depend critically on the values of the parameters Msatl, Msat2, t1, €2,
ts, Hel, and Hc2. It should be noted that all other device parameters being
the saime, 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 ficld 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<HO1 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]) because Hexc can be used to
;fabﬂizc an unstable synthetic ferrimagnetic sense layer design, a wider variaton
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 loop for a single 4 nmthick NiFe elliptically patterned sense
| ayer (270 nmx 180 nn) with a hysteresis |loop for a synthetic ferrimgnet
sense layer 53, simlar to that shown in figure 5b, of th§G san%?d'b&? si on
and shape conputed using a micromagnetic cal cul ati on badédeBIFMAE
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
unel ected bit, this energy nay be expressed as E - | Mat*Hc*V. Note that
the coercive magnetic field (Hc) value of the synthetic ferrinmgnet sense
| ayer 53 is about 35% hi gher than the He value for the single layer film
and that the magnetic volunme of the synthetic ferrimagnet 1is three tines
that of the single layer's magnetic volune. The increase in nmagnetic
vol ume and H§0@82¢ctProsided the neasesmt dxehariger cmiplingaiontlition is awtotheby 1. 35 *
3 =4.05tines. Also, note that the required coercive field is not so | arge
that it woul ¢hdppedt p&gﬁ*ﬁ%émelsyndibghf&afﬂagﬂéﬁd Serisk ldyer 53 malybetstablddi t 11
Sept enbe

sense layer 53. 281 r 2006
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 field 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 < HO2. Referring to figure 8, write margin may be
defined as the vertical distance between the Hsw_selected and Hsw_unselected
curves. It is 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 Oc, writc 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 Cc. The

conpari son between the Hexc = 0 Ce and the Hexc = 200 Ce cases is nmade in
order to show t he advantage of including an antiferromagnetic exchange
coupl i ng between | ayers 47 and 51 in the synthetic ferri AagaRemeeseliBe

| 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 HO and HO3, results when one of the |ayers

47 or 51 changes djrectian independently of th ot her, | ayer. The exi stence
of the junps F“F‘BT‘:arﬁS“FPHQ )/ §a‘§h‘g’€“‘¥\ﬂ &é%%‘ eﬁﬁ"%‘éﬂ? bs ?%ﬁ'—ty RRPthe sane
direction when the sense layer is witten with too strong a wite field.

The synt het i ccheifs phspgern matesiah spagen phickmss, Msatl ; Msat2, shorsk€.| ar ger t han
desired stray fields H b. Witing the bit at fields greater

[0033] Referring to Fig. 9, one possible process for manufacturing an
émbodimcnt 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 ctching or other technique to reduce the magnetic ficld 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
12 Septenber 2006 approach 0 OGe, in this case the synthetic ferrimgnetic
sense layer is unstable, and can nagnetize into several undesired states.
The val ues HO1, HO2, and HO3 all depend critically on the alue t he
paraneters Msatl, Msat2, tl, t2, ts, Hcl, and Hc2. It shé%%ﬂpﬁ’él W8 t hat
all other device paraneters being the sane, the inclusion of an
antiferromagneti c exchange field increases the separation between fields
HO1 and HO2 by nmoving the fields HOL and HO3 to higher values. The
antiferromagneti c exchange field al so reduces the difference between HOL
and HO3, an effect which results in a nore nagnetically stable sense

| ayer. 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 nrum val ue of Hexc t hat results in antiparallel orientation of ML and M

for all rel Ve, Jihid fulefbaicPHht 35 iUhaUER Theltanlakatilhay Be sol ve for

the condition anal yt roxi mated as jHexc) i's greater

than  appr ox! IR Elbleed hlfakcrm@mt%ngmma PREOSF 1FgfocEdgPe Used 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 berween the
sccond 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 increascd
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 ferrimagnetic sense | ayer design,

variation 1in
resulting in

a w der

the choice of Msatl, Msat2, tl, and t2 can be accombdat ed,

the capability to build a sense |layer with both inproved

thermal stability and reduced stray field, H b. 30 12 Septerrber 288
[0032] Provided the mini num exchange coupling condition i mbep U006
magnetic properties of the synthetic ferrinagnetic sense | ayer 53 w | |

stable over a large range of Hexc val ues.

the effect of

a 272 nm by 180 nun elliptical
function of Hexc and the
stack is N Fe(8nm/ Spacer/ N Fe(4nm,

be

Figure 8 is used to denonstrate
varying Hexc. Figure 8 is a plot of the wite field Hsw for
synthetic ferrimgnetic sense | ayer as a

hard-axis bias field Hy-selected. The sinmul ated
and it was chosen to allow the Hexc

0 Ce point to operate as a synthetic ferrinmagnetic sense |ayer over the.

entire range of wite fields, that is, for Hsw < H0O2. Referring to figure

i b defj.ned as the verti.cal di sta e, betweep the Hsw
O35 s oA Fite & ingiatissgiven asBoqiicd vRERSIC ErTirgognct dimepsiony | 1 e

8, wite marg
sel ected and

mar gi n, since tgls al l ows, t he sense

materials, after a certain point of antiferromagnetic exchange coupling
(e.g., - 200 Oc), the applied magnetic ficld (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 casy 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 caﬁscd 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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Iaiyer 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
QCe, there is no change in wite margin. As Hexc is increased above 200 Ce,
wite margin slowy decreases. At sone |arge val ue of Hexc vvr{iﬁ%e rgin
beconmes zero, and the sense | ayer cannot be sel ected for 13\ASFIPtP ¢ out
witing all bits |ocated on the sanme colum |ine. The upper limt in Hexc
is strongly dependent on the paraneters Msatl, Msat2, tl, t2, ts, Hcl, and
Hc2, and it should be 31 12 Septenber 2006 determ ned enpirically for each
devi ce design. Hexc can be set by proper choice of spacer material, spacer
t hi ckness, Msatl, Msat2, tl, and t2. [0033] Referring to Fig. 9, one
possi bl e process for manufacturing 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 nethods. In any
case, first, tdpeoffthaspatcotayced®senha sufficintAftifesralegnsiicesclangepr ocessi ng
segnent 113. The pinned |ayer 43 can be a coupled antiferronmagnetic and
ferromagnet i cchdupliy antlrsuly fieRl coupinglif pidséntl Ridss IpaRelayeP49 between the

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 cmbodiment 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

architecrure,
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an antiferromagnetic | ayer coupled to a synthetic ferrimagneti.c stack. The
pi nned | ayer 43 materials can be selected fromknown materials, which are
used for pinned |ayer 43 construction Pncluding Fewvn, IrMh, PtMh, N M, or
Ni O For a single layer pinned |layer 43 or, in the case of a coupled
antiferromagnetic and ferromagnetic layer, Irhh could bd? é%@@nﬂﬁﬁzgﬁé
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 12 Septenber 2006 117, a thin
tunnel barrier layer 45 is deposited. The tunnel barrier may be selected
fromknown materials including alumna (A1203). In processing segnent 119,
the second ferromagnetic |layer 47 is formed fromferronmagnetic naterials

Stray Tl d 7O03T S Relttent b Fd SR chma vREoRiaRNOF URY "yﬂ e
|ayer 47 and ﬁ'ﬁgscdcen%&ﬁmcﬁlm a{rg dfcgcrnrb%ﬁa réﬁtsﬁi%cxcn}/ etai 1!:0‘@1‘31&2 rwosc skxlfcd |
in the art to practice the inventdon. It is to be understood that other
embodiments of the invention may be employed and that structural and
electrical 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 to set the correct magnetization orientations for the various

| ayers. [0034] Sufficient antiferronmagnetic exchange coupling refers to a
sense layer 53 design which provides for antiferromagnetlPSeRigEREh4I0
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 layers 47 and 51 across spacer |layer 47. 33 12 Septenber 2006
[0035] As Fig. 8 indicates, given a specified synthetic ferrimgnet
dinmension and materials, after a certain point of antiferronmagnetic
exchange coupling (e.g., - 200 Ce), the applied nagnetic field (Hx) -
required to performa wite operation nust be increased thereby increasing

the current ?%T f§é1£ﬂﬁhmbf§Fm swi tching of the sense | ayer 53 magnetic

monent 75, - AL 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 cach other; and

37



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 magnetic nmenory bit (11)
sense layer 53 (switch the orientation of the sense |ayer 53 magnetic
nmonents 77, 75). [0036] Next, the second ferromagnetic |ayer 47 may be
snoot hed to reduce Neel coupling (nmagnetic coupling betmé%ﬁqﬂ§95W§%W§ 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 ferromagnetic layer 51 is forned from
ferromagnetic materials, e.g. NiFe, on 34 12 Septenber 2006 top of the
spacer layer 49 so thgt suffi.cient aptiferro netj ¢, exchapgge coupling and
stray field coupli néa’ﬁslaﬁ"%é%‘ﬁg%gﬁ?ﬁggk%H&é@[ﬁ%ﬂsél“ck’g“ﬁé ¥RtfPe second
ferromagnetic layer 47 and the third ferromagnetic layer 51. Again, it is
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 simultancously in the presence of
an applied magnetic ficld 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 and materials and thus may be varied to achieve the desired effect
of sufficient antiferromagnetic exchange coupling and na n tlc nnﬁg&é

swi tching point separation in the sense |ayer 53. [0037] a
processor system 151 conprising a MRAM nenory array 9 conprlsed 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 nenory bits 11. The magnetic nmenory bits 11 may be coupled to
t he processor 151 through a nenory controller and bus systemnot pictured
or coupled wth other conponents through another data transfer

architecture. 35 12, S pemseliayer 9P0RIm [10RBtHer Boimptisinge | s made to various
speci fic enbodi ments 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 enbodi nents of the invention may be enpl oyed and that structural and
el ectrical changes may be made w t hout departing fromthe scope %8|r|t
of the present invention. 36 12 September 2006 WHAT IS & QQ§

sense |layer for a magnetic nenory el enent, said sense Iayer conprising:. a
first magnetizable |ayer with a nagnetic nonent oriented in a first
direction; a second magnetizable |layer with a magnetic nonent oriented in a
second direction opposite to said first direction; a spacer |ayer fornmed
between said first and second magneti zabl e | 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. Asense 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 12 Septenber 2006 said |ayers
being fornmed of a material and thickness sufficient’to provide
antiferromagneti c exchange coupling between the first and secon 3
across sai d spacer |ayer such that the magnetic moments of2 JGeemp ?éﬁ
second | 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 |layer and the first magnetizable | ayer;
and a thinner |ayer, relative to the second magneti zabl e | ayer, of Co

i nterposed between 1yheAsRAsEhydrdfRhaiR T whiR GREMInIBEizhbldbjce haayer . 38
magnetic saturation times first layer thickness which is not equal to magnetic

saturation times sccond 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 spa;:cr 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.
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12 Septenber 2006 3. A sense |layer of claim1 further conprising: a
~thinner layer, relative to the first magnetizable |ayer, of CoFe

i nt erposed between the spacer layer and the first magnetizable |ayer; and
a thinner layer, relative to the second nmagnetizabl e | ayer,  of q?F
i nt erposed between the spacer |ayer and the second nagneﬂﬂfﬁ@?%nfﬁégpﬁ 4. A
sense |layer of claim1 wherein the first and second magnetizable |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 |ayer of Co. 39 12 Septenber 2006 7. A sense
| ayer of claim1l wherein the first and second nagneti zable |ayers conprise
at | east one layer of Fe. 8. A sense layer of claiml1 wherein the first and

second magnetizabl e 16. A sense layer of claim 1 where 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 clement, said sense layer

comprising:

a first magnetizable layer having a first material composition, a

thickness tl 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 Ni FeCo. 10. A sense | ayer of claim 1l wherein the spacer |ayer

t hi ckness is such that the antiferromagneti c exchange co é n the
first and second nmmgnetizable |ayers has a nmagnetic fi el EP Q?Q%BBW%E
| ess than the coercive field value of that one of the first and second
magneti zabl e | ayers with the [|argest coercive field value. 40 12 Septenber
2006 11. A sense layer of claim1l where the first nagnetizable |ayer has a
magnetic saturation tines first |layer thickness which is not equal to
magnetic saturation tinmes second |ayer thickness of the second
magneti zabl e layer. 12. A sense layer of claim1l where the spacer layer 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 t1 and a2 magnetic moment oriented in a second direction opposite

said first direction;

a conductive spacer layer formed between said first and second

magnetizable layers;

|
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
cach being formed of a material and thickness sufficient to provide
antferromagnetic 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 applicd 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 ferromagnetic or antiferromagnetic. 41 12 Septenber 2006 16, A sense

| ayer of claim 1l where the first and second nagneti zable | ayer ar&%;orned
of different materials having the same thickness. 17. A déPSBiePpsEs
claim1l where the first and second magneti zable |ayers are formed 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 tl and a magnetic nmonment 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 ficld 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 magnctizable 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 12 Septenber 2006 a second nmagnetizabl e |ayer over said first

magneti zabl e | ayer, said second magneti zabl e | ayer having said first

mat eri al conposition and a thickness greater than tl and a magnetic noment
oriented in a second direction opposite said first direction; a conductive
spacer |ayer formed between said first and second magnet 1ZagntempenZ008.
said first and second magneti zabl e | ayers and conductive 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 fornmed 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 secquH thaysaidfikOind sdt@ndhsdrrtbizatik lagess vk ndperts Inyoments

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 ficld
50 that the first and second magnetic moments of the magnetizable layers caﬁ

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

berween 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 12 Septenber 2006 20. A
sense |l ayer of claim 19 wherein the spacer |ayer thickness is such that the
antiferromagnetic exchange coupling between the first and second

magneti zabl e | ayers is less than the coercive (H) field value g% t£ one of
the first or second magnetizable |ayer which has the | alespteRBer (e
field value. 21. A nagnetic nenory structure conprising: a 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 |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 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
iS 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 onc of the said first or second magnetizable layer

which has the largest coercive field value.

25: An array of magnetic memory ¢lements comprising:

a substrate;
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12 Septenmber 2006 such that said first and second nagneti zabl e | ayers have
magnetic nonents oriented anti-parallel to each other; said |ayers being
formed of a material and thickness sufficient to provide antiferronmagnetic
exchange coupling between the first and second |ayers such that tgg
magnetic nonments of the first and second | ayers are fr ee l2CPiegibst 006
substantially sinmultaneously in the presence of an applied nmagnetic field
so that the first and second nmagnetic nonents of the magnetizable |ayers
can be oriented in the other of said first and second directions; a pinned
| ayer; and a tunneling barrier formed froma non-magnetic material provided
bet ween sai d sense | ayer and said pinned |ayer. 22. A magnetic nenory
structure of claim21 wherein antiferronmagnetic exchange coupling between
the first and second magnetizable |ayers across said spacer |ayer is
between 0 and <- 20firsOset ef5sulRrdneially phailePd@firically conductive lines 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 clements, cach 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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23. A magnetic nmenory structure of claim21 further conprising a row |ine
conductor coupled to provide a magnetic field to said sense |ayer and a
colum line conductor to provide a magnetic field to said sense |ayer,
wherein said pinned | ayer has a magnetic field orientati whi gh |
substantially within 15 degrees of an-axis of said rOM/Ugggmﬁﬁéﬁ“bBO6
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 conprising: a supstrate; 46 .12 Sept er 2006 first set of
substantial ly paral ?%Psseﬁigﬁﬁpﬁg;}?}w sﬁ%ﬁlﬁfﬁggﬂgi ondriayers have

magnetic moments oriented antiparailel 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
sccond 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 elements 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 clements 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 set of condutctive lines and which intersect with the first set of
conductive lines; a plurality of magnetic nmenory el enents, each said each
el ement formed between and coupled to the first and secoRdSepsuber I |ine
I ntersection points, said elenents conprising a nagnetic 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 fornmed of a material and thickness sufficient to provide stray field
coupling between said first and second |ayers 47 12 Septenber 2006

to rotate substandally 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 clements 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 nonments oriented andparallel to each other; and said | ayers being
formed of a material and thickness sufficient to provide antiferronagnetic
exchange coupling between the first and second |ayers acrqgss, said pacer
| ayer such that the nmagnetic nonents of the first and seld B“P§§§?§ re
free to rotate substantially simultaneously in the presence of an applied
magnetic field so that the first and second magnetic 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
nmonents. 27. An array of magnetic nmenory el enents of claim25 further
conpri sing anot her conductive fine situated near said sense |ayer which is

"used 48 12 Septenber 2006 to rotate suybstanti al Ily Si r&ltaneousl&i&he
‘magnetic noments of agﬁqg&epﬁr%qm%ocﬁmccccctnc y coupled to the processor,

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 field 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
claim25 further conprising another conductive |line which runs through
said sense layer and is used to determ ne nagnetic orientation of said

sense | ayer magnetic nonents. 29. An array of magnetic nmenp el e of
claim25 further conprising another conductive |ine whi ckt $‘¥§’ﬁ§n}f%§§bj€h

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 12 Septenber 2006 a magnetic
menory device electrically coupled to the processor, said nenory device
conprising: a first nmagnetizable |layer with a nmagnetic nonent oriented in a
first direction; a second magnetizable |ayer with a magnetic noment
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 ficld
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 nagnetizable |ayers; said |ayers being fornmed
of a material and thickness sufficient to provide stray field coupling
between said first and second |ayers such that said first gnd S cg&ﬁ

| ayers have magnetic nonents oriented antiparallel to each? r 28 sai d
| 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 magnetic
field 50 12 Septenber 2006 so that the first and second magnetic nonents
of the magnetizable |ayers can be oriented in the other of said first and
second directions. 31. A conputer system of clai-m 30 wherein the array of

magnetic nenory deviges are electricallly coupled to the processor through
a menory control | e\rﬁ lﬁgtdmg%guzagﬁ layer withl a magnetic moment o ented 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 ficld 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 antiferromagneti c 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 nagnetizable
| ayer which has the largest coercive field value. 33. A ﬁ%gﬁ@?ﬁ@eﬁ% ry
structure conprising: a sense |layer conprising: 51 12 Septenber 2006 a
first magnetizable |ayer with a nagnetic nonent oriented in a first
direction; a second magnetizable |layer with a magnetic nonent oriented in a
second direction opposite to said first layer; a spacer |ayer forned
between said first and second magneti zabl e | ayers; said |ayers being
formed of a material and thickness sufficient to provide stray field
coupling between said first and second magneti zable | ayers such that said
first and second megggiduzabt fayePprRviddIti@weBfied bénstDaRALAd said pinned

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

mat eri al and thickness sufficient to provide antiferromgnetic exchange
coupling between the first and second |ayers such that the nagnetic
nmonents of the first and second |layers are free to rotate_substantially
simul taneously in the presence of an apptied magnetic fiel & Sgrmphine0i6ne
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 12 Septenber 2006 a conductive |ayer provided between said sense

| ayer and said pinned |ayer. 34. A sense |ayer of claim33 further
conprising: a thinner layer, relative to the first magnetizable | ayer, of

Co i nt er poseRdulRIMBRR piEd&PREREer A¥Eiendd Byt dlshidSfinfEaaagdl zabl e | ayer;
and a thinner layer,” relative to the second magneti zabl e layer, of Co

i nt erposed between the spacer |ayer and the second nagneti zabl e | ayer.

34, The magnetic memory structure 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.  The magnetic memory structure 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.



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 and the first nmagnetizable |ayer; and a thinner |ayer, relative to
t he second magneti zabl e | ayer, of CoFe interposed between the spacer | ayer
and the second magneti zable |layer. 53 By 12 Sept enber 20062 Sept HER%Gi ve

| ayer provided between said sense | ayer and said pinned | ayer. 34. The
magnet i ¢ fishbralus of thetone of tfe seiddfinst @Fecandithegnetioahle layemyhichdas thenner | ayer,
relative to the first magnetizable | ayer, of Co interposed between the
spacer | ayepeanrderche fldld silueagneti zabl e 1 ayer; and a thinner |ayer,
relative to the second magneti zable | ayer, of Co interposed between the
spacer | ayer and the second magneti zable | ayer. 35. The nagnetic nenory
structure of claim33 further conprising: a thinner layer, relative to the
first magnetizable | ayer, of CoFe interposed between the spacer |ayer and
the first magneti zable |ayer; and a thinner |ayer, relative to the second

magneti zabl e | 56° N mgtfhog?oﬁ'emeimrl]ltfs?crt osgeéj magnetic memory element comprising:

forming a pinned or reference layer with a magnetization in a first direction
supported by a substrate;

forming a tunnel barrier layer adjacent the pinned layer; and

forming a sense layer adjacent a side of the tunnel barrier layer opposite the
pinned layer, said sense layer having a first ferromagnetic layer and a second
ferromagnetic layer mutually separated by a conductive 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:



bet ween the spacer |ayer and the second nagnetizable |ayer. 55 12 Septenber
2006 field value of the one of the said first or second magneti zabl e | ayer
whi ch has the |argest coercive field value. 39. A nethod for nanufacturing
a magnetic nmenory el enent conprising: formng a pinned or ference | ayer
Wi th a magneti zation in a first directioh supported by a %%ggF?gFé%m6
form ng a tunnel barrier |ayer adjacent the pinned |ayer; and formng a
sense | ayer adjfaoeing saiddfirdieferpmagreticdaes overdhe fusnel bajder layfosi t e t he

pi nned | ayer, said sense |ayer having a first ferromagnetic |ayer and a
second f er r ondgneinicsaidy@rduatinaspater 1syep avatthel fibyy faramaghetit layer; spdcer | ayer
and a characteristic which results in stray field coupling and

ant i f er r omagnetf,fnigyGhaRd6nd fe@féﬂ{dgﬂ&idol@ MeRBr ficdndudtist spirdr Bgeond _
ferromagnetic layers. 40. A nethod of claim 39 wherein the act of formng
said sense |layer further conprises: 56 12 Septenber 2006 form ng said
first ferromagnetic |ayer over the tunnel barrier |ayer;

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

ferromagnetic layer before forming said conductive spacer layer.

43, A method of claim 40 wherein said first and second ferromagnetic layers

are formed of a material comprising NiFe.



form ng said conductive spacer |ayer over the first ferromagnetic |ayer;
and formng the second ferromagnetic | ayer over the conductive spacer

| ayer. 41. A nmethod of claim40 further conprising snoothing a surface of
the pinned | ayer before form ng another_|ayer on said plnned

met hod of claim40 further conprising sﬁ%othlng the first %ﬁﬁb

| ayer before form ng said conductive spacer |layer. 43. A nethod of cIa|n140
wherein said first and second ferronagnetic |ayers are forned of a
material conprising NiFe. 57 12 Septenber 2006 44. A nethod of claim40
wherei n sai d fi44si raeitiod o claiin £ wheray swd ifiest laay second fardroagnetic tfyes mat eri al
conprising CoFe. 45. A nethod of claim40 wherein said first and second
ferrOﬂBgnQﬁéRmﬁ@a%fﬁnuﬁéﬁﬂE&ﬁﬁﬁgn ptogematerial conprising Co. 46. A nethod
of claim40 wherein said first and second ferronmagnetic |ayers are forned
of a material conprising Fe. 47. A method of claim40 wherein said first
and second ferromagnetic |layers are forned of a material conprising N

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

are formed of a material comprising Co.

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

are formed of a material comprising Fe.

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

are formed of a material comprising Ni

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

are formed of a material comprising NiFeCo.



48. A nethod of claim40 wherein said first and second ferromagnetic | ayers
are formed of a material conprising Ni FeCo. 58 12 Septenber 2006 49. A

nmet hod of cl aim40 wherein said conductive spacer |ayer conprises a Ru

| ayer. 50. A nethod of claim40 wherein_said conductive spacer | aye
conprises a Cu layer. 51. A nmethod of ¢¥ ai m 40 wherein saﬂﬁsﬁﬁﬁﬁ%ﬁimwe
spacer is a conductor that is not ferromagnetic or antiferromagnetic. 52.
A nmet hod of claim40 wherein said conductive spacer layer is formed with a
t hi ckness such that the antiferromagneti c exchange coupling between said
first and second ferromagnetic |ayers is less than the coercive (H) field
val ue of the one of the first or second ferromagnetic | ayers which has the
| argest coerci v il gkflod 8F HM8im 28 widrede g ehRiuciPOEpacdaye JRiphges #f clai m
40 where formng said layers is such that the |layers are fornmed of a

mat eri al §ﬂgmggjckness sufficient to provide stray field coupling and

anti ferromagneti c exchange coupling, said antiferromagneti c exchange
coupling is

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

Cu layer.

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

not ferromagnetic or antiferromagnetic.

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

first or second ferromagnetic layers which has the largest coercive field value.



within the range of 0 to <=200 Ce between the first and second
ferromagnetic | ayers across said conductive spacer |ayer. 54. A nethod of
claim40 wherein said step of formng the first and second ferromagnetic

| ayers includes formng said first and second |layers including N Fe, 55 A
met hod of clai m40 wherein second |ayer>s formed with a t b SHiReEer $0065,
first layer is formed with a thickness greater than t. 56. A nethod of
claim40 further conprising: formng a thinner |ayer, relative to the first
ferromagnetic layer, of Co interposed between the conductive spacer |ayer
and the first ferromagnetic |ayer; and 60 12 Septenber 2006 formng a
thinner layer, relative to the second ferromagnetic |ayer, of Co interposed

bet ween the congduath¥fod BREGIM 4O ¥HereREminpS RGPS i Rich dimaRahids bayer .
57. A nethod of claim40 further conprising; formng a thinner |ayer,

| ati t ' . [ : LAt bet th
conuct | vamsaofe b CIGARRRR, RN Elo nAlidRBeR, A g g &

t hi I [, | at i, th d fer. tic | , of..CoF
|t o1 pos e AMBEIREAEH BRSBTS PRI [T BERF THEVESORBIFRR omagnet | ¢

| ayer.
Y within the range of 0 to <=200 Qe between the first and second ferromagnetic layers

across said conductive spacer layer.

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

ferromagnetic 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 ferromagnetic layer, of Co

interposed between the conductive spacer layer and the first ferromagnetic layer; and



58. A nethod for manufacturing a magnetic nmenory el enment conpri sing:
formng a sense |l ayer, said sense |layer having a first and a second
ferromagnetic | ayer nutually separated by a conductive spacer |layer and a
characteristic which results in stray field coupling and antiferro %etic
exchange coupling between said first af second ferromagnét PPY2RFE

across said conductive spacer layer; 61 12 Septenber 2006 formng a
tunnel barrier |ayer adjacent the sense |layer; and form ng a pinned or
reference layer with a magnetization in a first direction adjacent a side
of said tunnel foaningarthinppolaiérereiaiva ts drsecdrlyferromagnetit laprhofdCof cl ai m 58
wherein the act of form ng said sense |ayer further conprises: formng
sai d firstinfeRfdsedBERRE ﬁlelc%iri&icti@\f%ﬁac%hﬁ?/&ﬂwﬂQhe Bbhd Errdnikktic 1dyer, M ng a
conductive spacer |ayer over the first ferromagnetic layer; and formng

t he second feromagnetic | ayer over the conductive spacer |ayer. 60. A

nmet hod of claim 58 wherein said conductive spacer layer is formed with a
t hi ckness such that the antiferromagneti c exchange coupling between said
first and

57. A method of claim 40 further comprising;

forming a thinner layer, relative to the first ferromagnetic layer, of CoFe
interposed between the conductive spacer layer and the first ferromagnetic layer; and

forming a thinner layer, relative to the second ferromagnetic layer, of CoFe

interposed between the conductive spacer layer and the second ferromagnetic layer.

58. A method for manufacturing a magnetic memory element comprising:

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

spacer layer;



second ferromagnetic layers is |less than the coercive (H) field val ue of
the one of the first or second ferromagnetic | ayer which has the | argest
coercive field value. 62 12 Septenber 2006 61. A nethod of claim58 where
formng said layers is such that the |layers are fornmed of a naterial and

t hi ckness sufficient to provide stray fgbld coupling and é%?ﬂ?%ﬂﬁbﬁﬁgnetic
exchange coupling, said antiferromagneti c exchange coupling is greater
than 0 and <=200 Ce between the first and second ferronagnetic |ayers
across said conductive spacer |layer. 62. A nmethod of claim58 wherein

second magnet i Zakhiglaayesel barrfep layetiadiadent the stiveddyeesmdt and fi rst
ferromagnetic layer is fornmed with a thickness greater than t. 63. A nethod

for manufact uri ey MHERG & rBRLY 1SLEWRAG neQRfikHiongn a fir@ldiieBGord Pi Nned
| ayer with a nmagnetization in a first direction over a substrate;

over ¢ ho - driimel 45t sl oy MGt BY B B TS L "Cense 1 ayer over

the tunnel barrier |ayer, said act of formng said

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

forming said first ferromagnetic layer over the tunnel barrier layer;

forming a conductive spacer layer over the first ferromagnetic layer; and

forming the second feromagnetic layer over the conductive spacer layer.

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

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



sense layer conprising: formng said first magnetization | ayer over the
tunnel barrier layer; snoothing the first magnetization layer; formng a
spacer | ayer over the first magnetization layer; formng a second

magneti zati on | ayer over of the spacer |ayer; said first and secqnd

magneti zati on | ayers and spacer |ayer b@ﬁng formed such tHaPeren r?%?ers
are stray field coupled and antiferromagneti c exchange coupl ed across said
spacer layer; said first and second nagneti zation | ayers being such that
said first layer has a nmagnetic saturation tinmes said first |ayer's

t hi ckness not equal to said second layer's nmagnetic saturation tines said
second | ayer thickness. 64 12 Septenber 2006 64. A nethod of claim 63

wherein sai d SRACAImb@YE LS bifinh 98 WRkreMokhing sait 18416 &Ssush @t tHeahydriere
antiferromagneti c exchange coupling between said first and second

regnet] 22t Bikd kiR hASRiCkRAD LARIGER SoYRe bty kel dhupluaeor e one

of the first or  ‘second nmagneti zati on IC as the gest coercive

field value, .65. A nethod of claj.m63 vvhﬂ_ei n sense |ﬁ er is {.ormed havi ng
antiferromagnetic exchange coupling, said antiferromagnetic exchange coupling is

greater than 0 and <=200 Qe between the first and second ferromagnetic layers across

said conductive spacer layer.

62. A method of claim 58 wherein second magnetizable layer is formed with a

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

63. A method for manufacturing a magnetic memory element comprising:

forming a pinned 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



antiferromagneti c exchange coupling between first and second magneti zati on

| ayer of nore than zero and | ess than a value which prevents magnetic
orientation switching of said sense layer in the presence of an applied
magnetic field. 66. A method of claim63 wherein said firsﬁ%gag t| @}IOH

| ayer, spacer |ayer and second nagneti?%tion | ayer are forf@PoFre 8rial s
and have thickness sufficient to provide stray field coupling and
antiferromagneti c exchange coupling between said first and second

magneti zati on |l ayers and across 65 12 Septenber 2006 said spacer |ayer,
said antiferromagneti c exchange coupling is greater than 0 <= 200 Ce. 67. A
nmet hod of claim 63 wherein the second nmagnetization layer is formed wth a

thickness t andofhingta deAdShydrovbPthERghnél bdirier Ifa?érckdi@ﬁﬁt dIfemhiag skidan t. 68.
A nmet hod for manufacturing a magnetic nenory el ement conoprising: form ng

a pinned | netlzatlon inafirst direction over a substrate,;
formng a %%S%Juﬁrlc\grél%fjay adj acent the pinned |ayer for creating a giant

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 magnetization layers being such that said first layer has a
magnetic saturation times said first layer's thickness not equal to said second layer's

magnetic saturation times said second layer thickness.



magnet or esi stance effect; and formng a sense Iyer on a side of the
conductive | ayer opposite the pinned |ayer, said sense |ayer having a
first and second ferromagnetic layers nmutually separated by a conductive
spacer |layer and a characteristic which results in stray field coupling
and antiferromagnetic exchange coupling®etween said firstléﬁﬁﬁgﬁﬁb%w
ferromagnetic Iﬁyers. 69. A nethod of claim@68, wherein the act of form ng
sai d sense | ayedd. Aumethed of claim 68 sehsrein saidispapes kiver isiforsediwith a fghess c | ayer
over the conductive |ayer; 66 12 Septenber 2006 form ng a conductive
spacer | aysath thaethetand fdrionSignés exuimgeaiouplihgyaveernsuid fiest ahdigecohé second
ferromagnetic | ayer over the conductive spacer |layer. 70. A nethod of

cl ai m 68, WABIRERidnALIEOE 18R1tHar R¥8b&cive (HY EBIdARLe 3fiBe oh¥ahS fisdt@r f or med
of a material and have a thickness suffficient to provide stray field

coupling ' - neti G.. | i tiferromagnetic
exchange  SouR negRHEAIRR g e RpRL ol PR, ' 2000 e
between the first and second ferromagnetic |ayers across said conductive

spacer | ayer.

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 have thickness sufficient
to provide stray field coupling and antiferromagnetic exchange coupling between said

first and second magnetization layers and across



71. A nethod of claim68, wherein the second ferromagnetic |layer is forned
with a thickness t and the first layer is forned with a thickness greater
that t. 72. A method of claim®68, wherein said pinned or reference |ayer is

a synthetic ferrimagnet.
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said spacer layer, said antiferromagnetic exchange coupling is greater than 0 <= 200

Qe.

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

comoprising:

forming a pinned layer with a magnetization in a first direction over a
substrate;

forming a conductive layer adjacent the pinned layer for creating a giant
magnetoresistance effect; and

forming a sense lyer on a side of the conductive layer opposite the pinned
layer, said sense layer having a first and second ferromagnetic layers mutually
separated by a conductive spacer layer and a characteristic which results in stray field
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 ferromagnetic layer over the conductive layer;
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forming a conductive spacer layer over the first ferromagnetic layer; and

forming the second ferromagnetic layer over the conductive spacer layer.

70. A method of claim 68, wherein forming said layers is such that the
layers are formed of a material and have a thickness suffficient to provide stray field
coupling and antiferromagnetic exchange coupling, said antiferromagnetic exchange
coupling is within the range of greater than 0 to <=200 Oe between the first and

second ferromagnetic layers across said conductive spacer layer.

71. A methed of claim 68, wherein the second ferromagnetic layer is formed

with a thickness t and the first layer is formed with a thickness greater that t.

72. A method of claim 68, wherein said pinned or reference layer is a

synthetic ferrimagnet.



