-1- MAGNETI C MEMORY DEVI CE FIELD OF THE | NVENTI ON, The present invention
relates to a magnetic nenory device. In particular, it relates to a

spi n-val ve magnet or esi stive random access nenory device. BACKGROUND OF THE
| NVENTI ON Magnet o resistive random access nenory (MRAM devices are solid
state, non-volatile nenory devices. A conventional NMRAM device includes a
colum of first electrical wires (referred to as "word lines")and a row of
second electrical wres (referred to as "bit lines"). An array of nagnetic
menory cells are located at the junctions of the word |lines and bit |ines

is used to record data signals. A typical MRAM cell conprises a hard
magnetic |ayer, a soft nngnetiMA‘%NéFlC MEMQRY IHEVIdhet i ¢ | ayer sandwi ched
bet ween the hard magnetic |ayer and the soft magnetic |ayer. The hard
magnetic | ayer has its magneti zation vector fixed in one direction. The
ori ent ati on BELOF THEINNEHTEPNzati on vectors does not change under a
magnetic field applied thereon. The soft magnetic | ayer has an alterable
magneti zati on vector, under a magnetic field applied thereon, that either
points to the sadhme giesentineentichartamiotemagpaicineaidty devigamenpartioular, it

opposite direction hereinafter "antiparallel” alignnment) of the

magneti zat i of ?ﬁ'}gﬁlt%? 8\"1"{5}%9 W&PBG*OH%%& ir@nq%@pgeﬁgwggq%gew%egi st ances of
the nenory cell in the "parallel alignnent"” status and the "antiparall el
alignment” s 1S, al. i £.f types of alignment status can be
used to recoég%lt}lﬁ@g‘?m& %Qtﬁgt'wéfﬁéém he "O's or "1"s of a data bit. In
a witing operation, an electric current passes through the word |ine and
the bit line adjacent to the nmenpry cell. When the e]ectric current, reaches

a certain threshdpanetpresistivg rardam acesss gemenatgAl) deayices ase sPiX staffr ent s

will sw tch ndfigoiafilednémbhOdevidest & cHREHIbhEBNRAM ¥BGES Incdiddshe csi@hin of

magnetic |ayer. As a result, _ )
first electrical wires (referred to as “word lines”)and a row of second electrical
wires (referred to as “bit lines”). An array of magnetic memory cells are located at

the junctions of the word lines and bit lines is used to record data signals.

A typical MRAM cell comprises a hard magnetic layer, a soft magnetic layer
and a non-magnetic layer sandwiched between the hard magnetic layer and the
soft magnetic layer. The hard magnetic layer has its magnetization vector fixed in
one direction. The orientation of the fixed magnetization vectors does not change
under a magnetic field applied thereon. The soft magnetic layer has an alterable
magnetization vector, under a magnetic field applied thereon, that either points to
the same direction (hereinafter “parallel” alignment) or opposite direction
(hereinafter “antiparallel” alignment) of the magnetization vector of the hard
magnetic layer. Since the resistances of the memory cell in the “parallel
alignment” status and the “antiparallel alignment” status are different, the two
types of alignment status can be used to record the two logical states — the “0"s or
“1"s of a data bit.

In a writing operation, an electric current passes through the word line and
the bit line adjacent to the memory cell. When the electric current reaches a
certain threshold, the magnetic field generated by the electric currents will switch
the orientation of the magnetization vector of the soft magnetic layer. As a result,



-2- the magnetization of the hard nmagnetic |ayer and the soft magnetic

| ayer will be changed fromone type of alignnent (e.g. "parallel
alignnment”) to the other type of alignnent (e.g. "antiparall el
alignment"), so that a data signal can be recorded in the nenory cell. As

shown in Fig. IA a conventional spin-valve MRAM device 100 conprises a
plurality of nmenory cells 110, a row of bit |lines 120 passing through the
menory cells 110 and a columm of word li%es 130 passing underneath the
menory cells 110. An exenplary cell 110 shown in Fig. 1B conprises a first

magnetic |layer 112, a_nhon- netic |layer, 114, ecopd tLc.. | a8 116

and an ant ﬁﬁ%@@ﬁﬁ%@?ﬂ@f@%@ﬁ%T@.Q“ﬁ%*%yﬂ ?Paﬁaﬁﬁgﬂi@%@gfé@fz@“?ﬁ or ned
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and the anmef,ﬁé%p;ag@ptic | ayer 18 is forned of antiferromagnetic materi al

such as IrM, FeMi and/or PtM, etc. The above |ayers are disposed in
sequence as shown in Fig. 1 B. The second nagnetic |ayer 116 (hereinafter

"pinned | ayer ') Rassgodd XROFRL R! BNeMhveriRABPIIHALAI0N MRAMPTdSER 10 nting
rightward, for exanple, wnichf does not change its direction under a
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formed of non-magnetic material such as Cu. The second magnetic layer 116 is
formed of ferromagnetic material such as CoFe andfor NiFe, and the
antiferromagnetic fayer 18 is formed of antiferromagnetic material such as IrMn,

FeMn and/or PiMn, etc.

The above layers are disposed in sequence as shown in Fig. 1B. The
second magnetic layer 116 (hereinafter “pinned fayer') has a fixed or “pinned”
magnetization vector 116a pointing rightward, for example, which does not
change its direction under a magnetic field applied thereon. The antimagnetic
layer 118 serves to fix the magnetization of the second magnetic tayer 116.

The first magnetic layer 112 has a magnetization vector 112a that is
alterable under a magnetic field applied thereon. During a writing process, a word
line current 132 passing underneath the celi 110 and a bit line current 122 passing
through the cell 110 generate a magnetic field on the first magnetic layer 112.
When the magnetic field reach the switching threshold of the first magnetic layer
112, the orientation of the magnetization vector 112a of the first magnetic layer
112 will be changed from pointing leftward to pointing rightward. With the
orientation change, the magnetization vector 112a becomes parailel to the
magnetization vectori16a, which represents a low magnetic resistance siate of



112 will be changed frompointing leftward to pointing rightward. Wth the
orientation change, the magnetization vector 112a becones parallel to the
magneti zati on vectorl116a, which represents a | ow magnetic resistance state
of -3- the cell 110. Wen the word line current 132 and the bit |ine
current 122 flowin a direction opposite to that of the exanple above, the
magneti zation vector 112a wll be changed to becone anti-parallel to the
magneti zati on vector 116a. This represests a high magnetic resistance
state of the cell 110. The "low' and "high" states correspond to binary

data bits "0"and "1" %\A:hich a data signal may be stored in the nenory
cell. The sitgagellfd). Néhenethe werddesarrent hheAnd the B dne cayigitelde Toxs el
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| ayer 112 toorreot passeswhvoohh teybit iuese data recording errors. Anot her

probl em encountered in this type of menory cell is that with the size of
the nenory cells scaled down, there generates a | arge edge domain in the
first magnetic | @erprbbam enboditesddsin hintypieboft eeniody icbik id trest e second
unstability of the dev sol.uti ons have_been deve
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higher data storage capacity, this static field effect wili only become more

significant.

For example, when the dimensions of the memory cells shrink, external
thermal fluctuations will cause the magnetization vector of the first magnetic layer
112 to rotate, which may cause data recording errors. Another problem
encountered in this type of memory cell is that with the size of the memory cells
scaled down, there generates a large edge domain in the first magnetic layer 112,
which also contributes to the thermal unstability of the memory device.

Various solutions have been developed to address the above problems. In
“Spin Valve Sensors With Synthetic Free and Pinned Layers” to Anabela et al (J.
Appl. Phys. Vol 87, Num. 9, 5744, 2000), a spin-valve memory element
comprising synthetic layers is disclosed. The synthetic layers are used to
eliminate the interlayer magnetostatic coupling, decrease pinned layer
demagnetizing field and reduce the effective thickness of the free layer, as shown

schematically in Fig. 2.

The memory element 200 comprises a synthetic ferrimagnetic free layer
210 having an alterable effective magnetization vector 210a, a non-magnetic layer



elimnate the interlayer magnetostatic coupling, decrease pinned |ayer
demagneti zing field and reduce the effective thickness of the free |ayer,
as shown schematically in Fig. 2. The nenory el ement 200 conprises a
synthetic ferrimagnetic free layer 210 having an alterable effective
magneti zati on vector 210a, a non-nmagnetic |ayer -4- 220 di sposed above the
free layer 210, a pinned |ayer 230 and an antiferromagnetic |ayer 240. The
pi nned | ayer 230 further includes three-gub- |ayers 232, 234 and 236, and
the free layer 210 further includes three sub-layers 212,214 and 216. In

this structu . r ne |c sub- | aye 32 and 236, a
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anti-parall eti1 @iihagy 2o, the first ferromagnetic sub-layer 232, therefore

the static field generated by the pinned |ayer 230 and applied onto the
free layer 210 can be reduced. In addition, as the nagnetization of the

ferronmagnetic sulipl ayer skhdurs aﬁél ‘fé’r%rﬁ!aéﬁ‘étbé aédbﬂ@?& \@ééﬂ gmt 236 dr8e

ferromagnetic sub-layer 216, the effective thickness of free layer 30 can
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I ncl udes layer 230 and applied onto the free layer 210 can be reduced. In addition, as the
magnetization of the ferromagnetic sub-layer 212 is anti-parallely aligned with that
of the ferromagnetic sub-layer 2186, the effective thickness of free layer 30 can be

reduced.

While the thermal stability may be increased in this type of memory device,
another problem arises as since the synthetic ferromagnetic layers required a
larger writing current to perform the writing operation, the power dissipation of this
type of device increases.

US Patent 6,358,757 to Anthony et al discloses a method for forming a
magnetic memory with a set of structures that prevent disruptions to the
magnetization in the free layer of a magnetic memory cell. The structure includes
a high permeability magnetic film that serves as a keeper for the sense layer
magnetization. In this structure, however, the large edge domain effect which
contributes to the thermal instability of the device, remain unsolved.

ft is therefore desirable to provide a magnetic memory device having a
higher resistance against thermal fluctuations so that to improve the thermai
stability and reduce the edge domain effect. While maintaining a high thermal
stability, there is in the meantime a need to have a magnetic memory device



a high perneability magnetic filmthat serves as a keeper for the sense

| ayer magnetization. In this structure, however, the | arge edge domain
effect which <contributes to the thermal instability of the device, remain
unsolved. It is therefore desirable to provide a nagnetic nenory device
having a higher resistance against thermal fluctuations so that to inprove
the thermal stability and reduce the edge domain effect. Wile maintaining
a high thermal stability, there is in tfe neantine a need to have a
magneti c nenory device -5- having a higher sensitivity in response to the

witing current, sq that to.reduce the ovérall power dissipation. MVARY
OF THE | NVENTHG 3 SRR cepafiban kpere et Het Matipd BHort pad T ciitics TS
i nvention, t&HRIEI howe @ydigetbn, @ mermory cel | for a nmagnetic nenory devi ce,

the nenory cell conprises a first hard magnetic |ayer, a second hard
magnetic |layer, a first soft magnetic |layer and a second soft magnetic

| ayer. The taguspbbyRofe ImvAayALsy are respectively disposed adjacent to
the two hard magnetic |ayers. Each of the two hard nagnetic |ayers has a

fixed magnetization vector, and the two magnetization vectors are
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layers has an alterable magnetization vector and the two magnetization vectors
are anti-parallely aligned with each other, wherein the two soft magnetic layers are

magnetostatically coupled to each other to form a flux-closed structure.

Preferably, the two hard magnetic layers are disposed between the two soft
magnetic layers. Alternatively, the two soft magnetic layers are disposed between

the two hard magnetic layers.

Preferably, the memory cell further comprises an anti-ferromagnetic layer
disposed adjacent to one of the first and the second hard magnetic iayers to fix
the orientation of the magnetization vector therein. More preferably, the memory
cell further comprises an assistant magnetic layer disposed adjacent to one of the
first and the second hard magnetic ane‘rs, the assistant magnetic layer has a
magnetization vector anti-parallelly aligned with one of the first and the second
hard magnetic layers to reduce the static magnetic field thereof.

In accordance with a second aspect of the present invention, there is
provided a memory cell for a magnetic memory device, the memory cell
comprises a first hard magnetic layer, a second hard magnetic layer, a first soft
magnetic layer disposed adjacent to the first hard magnetic layer, and a second



cell further conprises an assistant nmagnetic | ayer di sposed adjacent to one
of the first and the second hard nmagnetic |ayers, the assistant nagnetic

| ayer has a nmagnetization vector anti-parallelly aligned with one of the
first and the second hard nmagnetic |ayers to reduce the static magnetic
field thereof. In accordance wth a second aspect of the present invention,
there is provided a nenory cell for a magnetic nenory device, the nenory
cell conprises a first hard nmagnetic | ayer, a second hard magnetic | ayer

a first soft nagnetic |ayer disposed adjacent to the first hard magnetic

| ayer, and a_second -6- sof.t magnetic |ayer disposed adjacent to_t he second
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one enbodi %cﬁé&‘Sﬂﬂ@%ﬁ%&.&%@?”‘%ry device conprises an electrically

conductive l'Ine coup e|cﬂUraIity of menory cells, and in a further
enbodi nent, the magnetic nenory device conprises a plurality of gate

menbers each coupled to the pluralit f nmor ell s _through the,

electrically con @?qt:\;(.ianqei\wgp? ﬁ?"%?f%/%cgﬁ%Rfeé%rﬁm\gﬁ”Ha"’éﬁe Edyeyided

current to teheagesthandings deiey foretlof a plurality or an array of the memory cells as
according to the first and/or second aspect of the present invention.

In one embodiment, the magnetic memory device comprises an electrically
conductive line coupled to the plurality of memory cells, and in a further
embodiment, the magnetic memory device comprises a plurality of gate members
each coupled to the plurality of memory cells through the electrically conductive
line for controllably supplying an electric current to the respective memory cell
through the electrically conductive line to perform a reading or writing operation.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a partially enlarged perspective view showing a conventional
spin-valve MRAM device;

Fig. 1B is an enfarged view showing the a memory cell of the MRAM device
shown in Fig. 1A;

Fig. 2 is an enlarged view showing the a memory cell of another
conventional spin-valve MRAM device;



t hrough the electrically conductive line to performa reading or witing
operation. BRIEF DESCRI PTION OF THE DRAWNGS Fig. 1A is a partially

enl arged perspective view showi ng a conventional spin-valve MRAM devi ce;
Fig. 1 Bis an enlarged view showing the a menory cell of the MRAM device
shown in Fig. IA; Fig. 2 is an enlarged view showi ng the a nenory cell of
anot her conventional spin-valve MRAM device; -7- Figs. 3A and 3B are

enl arged perspective views show ng a nerGry cell of a magnetic nmenory

devi ce according to one enbodi nent of the present invention; Fig. 4 is an
enl arged perspective view showing a nenory cell of a nagnetic nenory

devi ce according to anot her enbodi nent of the present invention. Fig. 5A

is a graph show TF@%@ IMBGNEBBZAE 'e@uﬂargét! BBrspbcCABNS BhbRIMY a nERREH, ell@¥i Ce.
Figs. 5B is a graph show ng a magnetij zation curve of a menory device
e

accordi ng tcﬁ@ﬁé“éﬁﬁa@éfﬂ%}h e ﬂﬁ@fﬁméééﬂﬂelwméw of thegypresant 'EV%"t@naph
showi ng a nmagneti zation curve of a nenory device having one bit line for
both witing and readi ng operations according to one enbodi nent of the

present inventi offig.Fkgis 8B énlamgedr ppispetibwi vpvarshewpgr iemmanaeryr edllof af a
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a nmenory devimeantibavi ng one bit |ine and one wor d Ilne for witing and
readi ng operations according to one enbodinment of the present Fig. 7Ais
an enlarged partially perspective view show ng the structure of a

Fig. 5A is a graph showing a magnetization curve of a conventional

memory device.

Figs. 5B is a graph showing a magnetization curve of a memory device
according to one embodiment of the present invention.

Fig. 6A is a graph showing a magnetization curve of a memory device
having one bit line for both writing and reading operations according to one

embodiment of the present invention,

Fig. 6B is a graph showing an experimental resuit of a magnetoresistance
curve of a memory device according to one embodiment of the present invention;

Fig. 6C is a graph showing a magnetization curve of a memory device
having one bit line and one word line for writing and reading operations according

to one embodiment of the present

Fig. 7A is an enlarged partially perspective view showing the structure of a
memory device according to one embodiment of the present invention.

Fig. 7B is the circuit diagram of Fig. 7A.

Fig. 8 is an enlarged perspective view showing a memory cell of a memory
device according to a further embodiment of the present invention.



menory device according to one enbodi nent of the present invention. Fig. 7B
Is the circuit diagramof Fig. 7A. Fig. 8 is an enlarged perspective view
showi ng a nenory cell of a nenory device according to a further enbodi nent
of the present invention. -8- DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS As shown in Figs. 3A and 313, a nenory cell 300 for a nagnetic
menory device according to one enbodi nent of the present invention
conprises a tenplate |layer 302, a firstgfree layer 310, a first

non- magnetic |ayer 304; a first ferromagnetic |ayer 320, an
antiferromagnetic | ayer 325, a second ferromagnetic |ayer 330, a second
non- magnetic |layer 306, a third ferromagnetic |layer 340, a third

non-mgnet | pEPKRIEPHESCRPATONDE TAE PRERERRED RMEGpRdENTayer 309. The

above | ayers are disposed i n sequence, and Irst and third
ferromagnetic |ayers 320 and 340 are di sposed between the two free |ayers

310 and 350, as ' .4 - | £t hi e netic
| ayers 320 and Sf%h @ﬁm&imagfgtghgﬁ'%pqdn%%f I@%@é'&ﬁ%‘gg (ﬁ%fec}r% mggpﬁ%iﬁrrgayer 310
and 350 ar e devieer acoordirigaye rananientbodimesnt of he i presemigimeenticrt icomprises a

anti-parall el I ent Th f,ree er 10 and 3 r )

mgnet ost at IERPIAE KB HR. foshtiRe J0RE S Y Bk e AT %R T (e
enbodi ment Jaowmagnetid ByeB2a20,wWireanifarremegheticlagar B2Hita pasend fermatdynetibe
menory cell 300 din adrection 370a l.ch is. fromthe front si to the
back i de. of Xate e Pyt noseRatk. lekapbea liapTumasarts By’ pl, &
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of the first pinned |ayer 320, and the magnetization of the second free

| ayer 350 i $haW8d KistPfparallel to that of the third pinned |ayer 340.

In this structure, the two ferromagnetic layers 320 and 340 serve as the
pinned layer, and the two free layers 310 and 350 are the record layers with their
initial magnetization anti-parallelly oriented. The two free layers 310 and 350 are
magnetostatically coupled to each other to form a flux-closure 360.

In the embodiment shown in Fig. 3A, when an electric current pass through
the memory cell 300 and in a direction 370a which is from the front side to the
back side of the memory cell 300, a clockwise magnetic field 372 is generated. In
response to the magnetic field 372, , the magnetization vector 310a of the first
free layer 310 points leftward, and the magnetization vector 350a of the third free
layer 350 points rightward. The magnetization of the first free layer 310 is now
anti-parailel to that of the first pinned layer 320, and the magnetization of the
second free layer 350 is also anti-parallel to that of the third pinned layer 340.

Therefore, the cell 300 is now in the “high” state.

As shown in Fig. 3B, when an electric current pass through the mamory cell
300 and in a direction 380a coming from the back side to the front side, a counter
clockwise magnetic field 382 is generated. In response to the magnetic field 382,
the magnetization vector of the first free layer 310 will be changed by pointing



Therefore, the cell 300 is nowin the "high" state. As shown in Fig. 3B,
when an electric current pass through the nenory cell 300 and in a
direction 380a comng fromthe back side to the front side, a counter

cl ockwi se magnetic field 382 is generated. In response to the nagnetic
field 382, the magnetization vector of the first free layer 310 wll be
changed by pointing -9- rightward, and the nagnetization vector of the
second free layer 350 will point |eftwe®d. The magneti zation of the first
free layer 310 is now parallel to that of the first pinned | ayer 320, and

t he magneti zation of the second free |layer_350 is also ar el .to that of
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portion pasSing ough e ce rtion of the nenory cell, hence to
gener at e nafreetiow” $tot.ds to apply to the free nmagnetic |layers 310 and 350
| ocated at the respective upper and | ower border regions of the nenory
cell. By virtue of this positional configuration and the flux- closure 360,
the switching of Intthés emboditienstthenerdér poréon whire memony eslsisdameachef I9Wer can
be synergistjcally effected (j..e. i L chi f netzat i 3 ee
| ayer 310 3‘?§&?@g "Fﬂat%é‘ﬁﬁ t@éﬁeﬂg*' oe?‘\glt ﬁhge ngjr?gtﬁe%&tﬁsg%% oﬁ}r?%gebfgegjgtﬁvé 0,
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free’ | ayor s MESSARAESD HDcrnthgrbisatelt PTG iRl PRt AR 16Fer BBl
regions of the memory cell. By virtue of this positional configuration and the fiux-
closure 360, the switching of the magnetization of the two free layers 310 and 350
can be synergistically effected (i.e. switching of the magnetization of free layer
310 assists the switching of the magnetization of free layer 350, and vice versa),
and the static magnetic field on the two free layers are reduced. Accordingly, the
writing current can be lower than that used in a conventional memory device.
Reduction of the writing current makes it possible to use only one electrical
conductive line (e.g. the bit line) for performing both the writing and the reading

operations.

As the two free layers 130 and 350 are magnetostatistically coupled
through the flux closure 360, a further advantage can be obtained that an external
magnetic field or a thermal fluctuation must be strong enough to switch both the
two free layers to be parallel simultaneously and therefore, the memory device's
resistance against external interference is increased, by which the stability is

improved.

The term “external magnetic field” in this contexts refers to the magnetic
field generated from a source outside the memory device, such as that caused by
a thermal fluctuation. This term does not include the magnetic field generated by



t hrough the flux closure 360, a further advantage can be obtained that an
external nmagnetic field or a thermal fluctuation nust be strong enough to
switch both the two free layers to be parallel sinmultaneously and
therefore, the nenory device's resistance against external interference is
I ncreased, by which the stability is inproved. The term"external magnetic
field" in this contexts refers to the nagnetic field generated froma
source outside the nenory device, such ag)that caused by a thernal
fluctuation. This term does not include the magnetic field generated by
-10- the bit line and/or the word |ine of the nenory device for performng
write/read topditdineonrd/orthy wardlrmst Shammmsngry cdavicesion refforming gMdieéagenory
devi ce accorgli-ngdid@ another enbodi ment of the present invention. The
menory cel | 0 conprises two free layers 410 and 450 which are disposed
between two ferromagnetic pinned |ayers 420 and 440. The two free |ayers

410 and 450 are ' r lled to
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“high" state. Simlarly, an electric current may E‘:SS t he b| l'ine i t he
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layers field 472, the magnetization vector of the first free layer 410 will point leftward, and
the magnetization vector of the second free layer 450 will point rightward.

At this point, the magnetization of the first free layer 410 is now anti-paraliel
to that of the first pinned layer 420, and the magnetization of the second free layer
450 is also anti-paraliel to that of the third pinned layer 440 and therefore, the cell
400 is now in the “high” state. Similarly, an electric current may pass the bit line in
the opposite direction so that to reverse the magnetization of the two free layers
and change the cell 400 to its “low” state.

Fig. BA shows a magnetization curve of a conventional magnetic memory
device in presence of an external magnetic field. The X-axis represents the
strength of the exiernal magnetic field H (Oe), and the Y-axis represents the
magnetic state M (arbitrary unit or A.U.). As shown in the figure, the conventional
memory device changes its state (between the “high” and the “low") when external

field reaches about 15 Oe.

Fig. 5B shows a magnetization curve of a magnetic memory device
according to one embodiment of the present invention having a flux-closed
structure. From the curve, the memory device according to one embodiment of the



and change the cell 400 to its "low' state. Fig. 5A shows a nagnetization
curve of a conventional magnetic nenory device in presence of an external
magnetic field. The X-axis represents the strength of the external
magnetic field H(GCe), and the Y-axis represents the nagnetic state M
(arbitrary unit or AU ). As shown in the figure, the conventional nenory
devi ce changes its state (between the "high" and the "l ow') when external
field reaches about 15 Qe. Fig. 5B shows 1d magneti zati on curve of a
magneti c nmenory device according to one enbodi nent of the present

[ struc ure. Fromthe curve, the nenp
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field makes the nenory device thermally nore sta

magnet i zat i oWeBIY dewre tarmgheinoce gislde.y device according to one

enbodi ment of the present invention. The.magnetic nmenory device includes
only one electrical conductive line for performng both the witing and
readi ng oper ati onslG. T shows ¢ ﬁ‘@gneﬁmtkm thwewni i npgoetic enembly (deXce
where 1 mA e g d, and the
Voaxi s ropraeriBE IR HF Ind et B o ragh 1S g 6
shows t hat tcmncermwmd;escmw«zm slectrichbsondistise dihe fovsnfarinthgbothithg writihgent
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current |b (rgﬁ})esen S emgéne fcsstét%%e(%%ﬁrgry} Sr%t or A.U.). Fig. 6A shows that the
memory device switches its state when the writing current is about 2.5 mA or
higher.

Fig. 6B shows an experimental result of a magnetoresistance curve of a
magnetic memory device according to one embodiment of the present invention,
The X-axis represents the writing current Ib (mA) and the Y-axis represents the
magnetic resistance R (ohm or Q). Fig. 6B proves experimentally the feasibility of
utilizing one electrical conductive line to perform both the writing operation and the
reading operation for a magnetic memory device according to the present

invention.

FIG.6C shows a magnetization curve of a magnetic memory device having
both the bit lines and the word lines. According to this curve, the magnetic
memory device switches its state when the writing current is about 2.5 mA or
higher. Comparing with Fig. 6A, one would appreciate that when the writing
current reaches the same level (i.e. 2.5 mA in this example), a magnetic memory
device will switch its states with or without a word tine.

It should be appreciated that according to the above curves, it is possible
that a memory device requires only the bit line to perform its writing process. The



magnetic resistance R (ohmor 0). Fig. 6B proves experinentally the
feasibility of wutilizing one electrical conductive line to perform both
the witing operation and the reading operation for a magnetic nmenory
device according to the present invention. FIG 6C shows a nmagneti zation
curve of a magnetic nmenory device having both the bit lines and the word
| ines. According to this curve, the nagnetic nenory device switches its
state when the witing current is about -225 mA or higher. Conparing with
Fig. 6A, one would appreciate that when the witing current reaches the

same level (i.e in this exanple), a nmagnetic nmenory device wll
¢ Hkgrain

2.5 mMA ;|
switch its stMEiNGof FoBYeRerAdNeYE arh &y be glipinetedand psrelorathe
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line of convEiftic6Hal magnetic menory nmay be elimnated and therefore the
overall structure of the nmenory device is sinplified and the witing
current is reduced. Reference is now made to Figs. 7A and 7B. A nagnetic
menory devi ce 70GeEtemiedisipw ragadodripediAremd B8 theagnetie merhoryedevicen
conprises a fgym ; febit |d . : l.cal Ly coupl ed
to the nenory ceFIg%rdﬁoﬂo%%rgﬁO?/mB%%g%ﬁg%%é &I'aé‘lﬁ%ﬁ?’sn@ %%ggébgggseﬁwﬁ for
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732 connect eahd writihg opetations.eary a0ay bl gategeleheente adiings pivitelr 38ansishes @0t ch
pass

througn tne b T EhrsEramiiis ShekG A Berrmnl St listelon] Rodieageh eve
of the menorijs addlebtor 702 cBunéoted tohi@ewsit linertppr ocess, the switch transi stor
730 is also set to "high" state so that either a positive wite
During the reading process, the switch transistor 730 is set to “high” state

so that a sense current 722 may pass through the bit line 720 and the memory cell

710 to read the voltage level of the memory cell 710. During the writing process,

the switch transistor 730 is also set to “high” state so that either a positive write

current 724 or a negative write current 726 may pass through the bit line 720 to..-.

alter the state of the memory cell 710 between the “1” and the “0” states to

perform date recording thereon.

Fig. 8 shows a memory cell 800 for a memory device according to a further
embodiment of the present invention. The memory cell comprises two anti-
parallely aligned pinned layers 820 and 840 which are disposed between two free
layers 810 and 850. An electric current may pass through the memory cell along
a direction 870a. The two pinned layers 820 and 840 have magnetization vectors
(such as magnetization vector 840a for the pinned layer 840.) fixed in a direction
oblique to the direction 870a. The term “oblique” in this context refers to an
orientation which is non-orthogonal to the direction 870a. The oblique-orientated
magnetization vectors 820a and 840a of the two pinned layers 820 and 840 wil
cause the magnetization vectors 810a and 850a (only one magnetization vector
850a is shown in Fig. 8) aligned oblique to the direction 870a. in the writing
operation, the oblique-oriented magnetization vectors 810a and 850a will be



current 724 or a negative wite current 726 may pass through the bit |ine
720 to- alter the state of the nenory cell 710 between the "1" and the "0"
states to performdate recording thereon. Fig. 8 shows a nenory cell 800
for a nenory device according to a further enbodi nent of the present

i nvention. The nmenory cell conprises two anti- parallely aligned pinned

| ayers 820 and 840 which are di sposed between two free |ayers 810 and 850.
An electric current may pass through thei@enory cell along a direction
870a. The two pinned | ayers 820 and 840 have magneti zation vectors (such
as magneti zafi.on vector 840a for the pipned |layer 840.) fixed in a

di rection O%WI?C(?&Q Y 7 HESRPFNEL f%’ﬁ'"%fg r_ec%%s t'Br th "5 palfeamqrnﬂ}% dhat

cont ext ref eperpbadieniariporientatid, avhivWizebistss im @ Witing aeR@ht redddiendhr®et i on
870a. The obligue-orientated magnetization vectors 820a and 840a of the
two pinned I'{JHIECRIBIYhd 840 will cause the magnetization vectors 810a
and 850a (only one nmagnetization vector 850a is shown in Fig. 8) aligned
oblique to the direction 870a. In the witing operation, the

obl i que-oriented magneti zation vectors 810a and 850a will be -13- sw tched
to a respective reverse directions in a manner easier than that
perpendi cul arl y-orientated, which assists in the witing current reduction
inthe witing operation. -14- CLAIMS 1. A nenory cell for a nagnetic
menory device conprising: a first hard nmagnetic |ayer having a first fixed
magneti zati on vector; 5 a second hard magnetic |ayer having a second fixed
magneti zation vector, a first soft nagnetic |ayer having a first alterable
magneti zati on vector and disposed adjacent to the first hard magnetic

| ayer, and



a second soft magnetic |ayer having a second alterable magnetization to
vector and di sposed adjacent to the second hard magnetic |ayer; an

el ectrically conductive |ayer disposed between the first and the second
soft magnetic |ayers for passing an electric current therethrough. wherein
the first and the second soft magnetic |ayers are is magnetostatically
coupled antiparallel to each other to fddm a flux- closed structure. 2. The
menory cell as recited in claim1, wherein the first and the second soft
magnetic | ayers are di sposed between the first and the second hard 20
magnetic |G gé”ﬁs 3. The nenory cell as recited in claim1, wherein the
first and the second hard magnetic |ayers are di sposed between the first
and the second soft magnetic layers. 25 4. The nenory cell as recited in

claim 1, furtheX neanoni cdingr amagiétic rhemo:rm@v&iel corhpistngdi sposed adj acent
to one of the first and the second hard gnetic layers to fix the
orientation of tha fifslghrdinagnesic ayer baving ﬁ’efl*?'éf Weciamasnetrmtl%\ﬁﬁt‘gnce| | as

recited in claim4,.f i
di sp5t)sed adj acent étSo gﬁfgfﬁ% th £§ @ltlréslé&%%\mﬁbieggh% f.ﬁ@@@ﬁ‘%@l@tﬂzggg@]e“ C
| ayers, wherein the asdorst ant magnetl c layer having a magnetization vector

anti-parallelly aligned wth one o heflr d the secgond.hard nmagnetic
layers to reduce 2 gé}%ﬁ%m@gﬁﬁ ‘é"Qdaf B‘B'Fabl%”@g ﬁéaii'@?'rﬁ? Oel | as

recited in claiml, éMbed@de‘séd‘ﬁdﬁ%aﬁfﬁb thelflrst farddaBgsétic layer, and
a second soft magnetic layer having a second alterable magnetization
10 vector and disposed adjacent to the second hard magnetic layer;
an electrically conductive layer disposed between the first and the
second soft magnetic layers for passing an electric current
therethrough.
wherein the first and the second soft magnetic layers are
1% magnetostatically coupled antiparaliel to each other to form a flux-

closed structure.

2. The memory cell as recited in claim 1, wherein the first and the second soft
magnetic layers are disposed between the first and the second hard

20 magnetic layers.

3. The memory cell as recited in claim 1, wherein the first and the second
hard magnetic layers are disposed between the first and the second soft

magnetic layers.

25
4. The memory cell as recited in claim 1, further comprising an anti-
ferromagnetic layer disposed adjacent to one of the first and the second
hard magnetic layers to fix the orientation of the magnetization vector
therein.
30
5. The memory cell as recited in claim 4, further comprising an assistant

magnetic layer disposed adjacent to one of the first and the second hard



to all ow passing of an electric current in a first direction and at | east
one of the magnetization vectors of the first and the second hard nagnet

| ayers is orientated along a second direction oblique to the first
direction. 10 7. A magnetic nenory device conprising a plurality of nenory
cells as clainmed in claiml 8 The magnetic nenory device as recited in
claim7, further conprising an electridé&ldy conductive line coupled to the
plurality of menory cells. 15 9. The magnetic nenory device as recited in
claim8, further conprising a plurality of gate nmenbers each coupled to
the plurality dnagaeis lyee, whereinrthagssistentanagneticlayeyhavigd@cti ve |ine for

| 1 abl L . I ' : ks |
hrough ¢ he. or doEPed PR BLT A Coral e Rloro I hERRTA I FBTRGY o ce

as recited i n cexiondharsMresgrigtictibpersltecbducatieystatio nthtiatiedield hereésf.
provi ded for performng both a witing operation and a reading operation.
25 11. A nmenory cell for a magnetic nenory device conprising: a first hard

magnetic lgyer 1oy on gy delitls JEE%&?WB&%W terOn tM@‘fﬁc%?ry éeiﬁﬁféa%&téﬂﬁr d
magnetic layer having a’second nmagnetlzatidon vector; a first soft nagnetic
| ayer di sposed tadjllasapassing ohan Elackic bardntmgnfitst dire@®n aydat leasboné ost

soft magnetic layer having a first terabl e magnetization vector: and -16-
2 second sof ¢ At reeeEtzages var bR cBineliRbatd Y SScork bulonaSRE i AlRer i
layer, the secqiéntstbll BN iseeoh@frectidy bBiq@ fEHRTHst dréQioab! e
magnet i zati on vector,

10 7. A magnetic memory device comprising a plurality of memory cells as

claimed in claim 1

8. The magnetic memory device as recited in claim 7, further comprising an
electrically conductive line coupled to the plurality of memory cells.
15
9. The magnetic memory device as recited in claim 8, further comprising a
plurality of gate members each coupled to the plurality of memory cells
through the electrically conductive line for controllably supplying an electric
current to the respective memory cell through the electrically conductive

20 line.

10.  The magnetic memory device as recited in claim 8, wherein the electrically
conductive line is provided for performing both a writing operation and a
reading operation.

25
11. A memory cell for a magnetic memory device comprising:
a first hard magnetic layer having a first fixed magnetization vector,
a second hard magnetic layer having a second magnetization vector,
a first soft magnetic layer disposed adjacent to the first hard magnetic
30 layer, the first soft magnetic layer having a first alterable

magnetization vector; and



an electrically conductive | ayer disposed between the first and the 5
second soft magnetic layers for allowng the electric current to pass

t hrough. wherein the nenory cell is adapted to all ow passing of an electric
current in a first direction and at | east one of the first fixed

magneti zati on vector and the second fixed magnetization vector is 10
oriented oblique with respect to the firriét- direction of the electric
current. 12. The nenory cell as recited in claim1ll, wherein the first and
the second soft magnetic |ayers are magnetostatically coupled antiparall el
to each is other at56CcPbe $of Mmagnet leyeddisppsed adiacentio thefggrptifardenor y

devi ce conprising a i f I ﬁ& L Negcl n hAayll. 20
14. The magnetic mn@%gﬁ%&edvl%¥gﬁéi§g§§§§%(%§8¢trrﬁa altl&l%@%ﬁﬁ%?igge?gﬁ%” si ng
an electrically coraltechbleanbgmetizatioplvedtdro the plurality of nenmory cells

for passing an electric current therethrough. 15. The magnetic nory
devi ce as recit ed® £1QqtASHYICPNAUGHY S LayeE gisposer t\geer@@%ﬂ[ﬁﬁgpptt €of gate

menhers each coupl eds_ercenfi @%ﬂ%géﬁéﬂié Dée/gfsi fE‘?:E%ME bledibRUaRNt Rfpass

el ectrically conductive [ine cont abl'y passing an electric current
to the respective nmdhmughcel | through the electrically conductive Iline. 30

16. The magnetic nor.y ,device as recited ip claim13. wherein the
electrical Ly condtBET/B the MemerialVe adapies v PAsBo S5 eR Se 1 i ng
operation and a reaqdjR@n®RthItdtQirection and at least one of the first fixed
magnetization vector and the second fixed magnetization vector is
10 oriented oblique with respect to the first direction of the electric

current.

12.  The memory cell as recited in claim 11, wherein the first and the second
soft magnetic layers are magnetostatically coupled antiparallel to each

15 other to form a flux-closed structure.

13. A magnetic memory device comprising a plurality of memory cells as

recited in claim 11.

20 14.  The magnetic memory device as recited in claim 13, further comprising an
electrically conductive line coupled to the plurality of memory cells for

passing an electric current therethrough.

15.  The magnetic memory device as recited in claim 14, further comprising a
25 plurality of gate members each coupled to the plurality of memory cells
through the electrically conductive line for controilably passing an electric
current to the respective memory cell through the electrically conductive

fine.

30 16.  The magnetic memory device as recited in claim 13, wherein the
electrically conductive line is provided for performing both a writing

operation and a reading operation.



