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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,
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The above layers are disposed in sequence as shown in Fig. 1B. The

second magnetic layer 116 (hereinafter “pinned layer”) 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 layer 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 cell 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 parallel to the

magnetization vector116a, which represents a low magnetic resistance state of



t hrough the cell 110 generate a magnetic field on the
first magnetic |layer 112. Wen the magnetic field
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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



whi ch al so contributes to the thermal unstability of
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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.

It is therefore desirable to provide a magnetic memory device having a
higher resistance against thermal fluctuations so that to improve the thermal
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
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Preferably, the memory cell further comprises 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. More preferably, the memory
cell further comprises an assistant magnetic layer disposed adjacent to one of the
first and the second hard magnetic Iaye'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
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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 enlarged 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;



first direction, and at |east one of the first fixed
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menorigs ddkhiand %%@ﬁ%ggﬁ RATERESYVEAYiPYS oG @ emory cell of
a H%@eﬁg%m%&e\h% aBEM Qﬁrllg td/oRE eﬁ?d&ﬁ%eﬁ?bf the, p’l’@gehﬂnventlon
a rther  embodi nent,

€ nagneti c nenory device
conprises a plurality of gate nenbers each coupl ed to
the pl ur llt%n y cell he electrlca
i'n

th
condti@t i B, St sRt TG RO RIaAg & meniaty' dell of a
mtﬁh %ﬁ% Iqrﬁ{aﬁiﬁri}e&‘éwéé’ é&&rﬂ%?o%té%th’é?”@ﬁ%oa%ént of the present

el ectrically conductive line to performa
investibmg or witing operation. BRI EF DESCRI PTI ON OF
THE DRAWNGS Fig. 1A is a partially enlarged
per spective view showi ng a conventional spin-valve

MRAMFideB £ g5 & ?raph Bhowir) £ thag@stizatibAVeshewona tdagiventional
a mermry cel | t he MRAM deV| ce shown in Fig. IA
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acsq%dlpgé@éwe embedjmesy of the gresent inventighy ar ged

per spective view showing a nenory cell of a magnetic
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pr esEigt 6A is/@ngraph 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 result 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.



Fig. 5Ais a graph show ng a magneti zation curve of a
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according to one enbodi ment of the present invention.
Fig. 6A is a graph showing a gagnetization curve of a
menory device having one bit line for both witing
and readi ng operations according to one enbodi nent of
the present invention; Fig. 6B is a graph showi ng an
experinmental result of a m netore3| stance curve of a
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present invention; Fig. 6Cis a graph showi ng a
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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-parallel 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 memory 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
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writng chiredt annel Ipwge thauthainusethdn & cPBVERtiRNal dnPMeAY device.
Reductioh 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



the "l ow' state. In this enbodi nent, the center
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material. Therefore, the eleqpric current passing
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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. 5A 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 external magnetic field H (Oé), 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



-10 the bit line and/or the word line of the nmenory
device for performng wite/read operations. Fig. 4
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of Plghiet] oHs SieaseEht i BaSeliy a4 CeViggarsoraing 18 e present
ir%uéﬂ_%ﬁta@‘éirj%\( exREnAMRIB] SNGfak %V%?mé?ﬁu&[igﬁcﬁﬂ% reatly increased

ring the witing process, when an electric current
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generated. In response to the magnetic field 472, the

magnetization vector of the first free layer 410 will _
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I VMl int rightward. At this_,.
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that to reverse the netization of the two free

Mgy Jevich; SHISHES lishelle Whaibne viting cwigant 5 abeut 2.5 mA or

highr. 5A shows a magnetization curve of a conventional
magnetic nenory device in presence of an external
magnetic field. The X-axis represents the strength of

t he ext al magnetic field H ). and the Y-axis
ropricbe GE: Shr HiE iberoBolal Te SN ok b tadeiPraaae curve of a
méghktic MSMEROYEViES acbErding %neté}ﬁbéé’iﬁ\/&ﬁtdf‘%ﬂélpre?}qnt invention.
menory devi ce changes its state (between the [e
Tha&-axie repesentsthe waikingretirentflbefraA) ead be Yaauist repsesents the
mQSnetic 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 line.

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



Fig. 5S shows a magneti zation curve of a magnetic
menory device according to one enbodi nent of the
w@e@gmeiosT nventi on having a flux-closed strucP@r/8G2003/000088
From the curve, the nenory device according to one
enbodi nent of the WO 2004/ 093987 PCT/ SG2003/ 000088
-11 present invention wll only change its state when
external magnetic field is 40 Ce or higher. This
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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 will
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



both the bit lines and the word lines. According to

this curve, the magnetic nenory device switches its
WGEt@um93Ben the witing current is about 2.5 mECD8G2003/000088

hi gher. Comparing with Fig. 6A, one would appreciate

that when the witing current3+eaches the sane | evel

(i.e. 225 M in this exanple), a nagnetic nenory

device will switch its states with or without a word
switched |tp ehoespbadive apgresse adisectionst imcaondinmgrt easiee than that

above. curves. it i.s possible, th a menory device, . .
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word |ine of conventional nagnetic nenory may be

elimnated and therefore the overall structure of the

menory device is sinplified and the witing current is

reduced. Reference is now nade to Figs. 7A and 7B. A

magneti ¢ nenory device 700 according to one

enbodi nent of the present invention conprises a nenory

cell 710, a row of bit lines 720 electrically coupled

to the menory cells 710 (only one nenory cell is

shown as an exanple for illustration). To performthe

reading and witing operations, an array of gate

el ements such as switch transistors 730 (only one

switch transistor is shown as an exanple for

illustration) is provided with its collector 732

connected to the bit Iine 720. During the reading

process, the switch transistor 730 is set to "high"

state so that a sense current 722 may pass through

the bit Iine 720 and the nmenory cell 710 to read the

vol tage | evel of the nenory cell 710. During the

witing process, the switch transistor 730 is al so

set to "high" state so that either a positive wite

current 724 or a negative wite current 726 nmay pass

through the bit line 720 to- alter the state of the

menory cell 710 between the "1" and the "0" states to

perform date recordi ng thereon.



Fig. 8 shows a nenory cell 800 for a nenory device
according to a further enbodi nent of the present
WO noogfvioen. The nmenory cell conprises two antiPCT/SG2003/000088
paral l ely aligned pinned | ayers 820 and 840 which are
di sposed between two free -IBfers 810 and 850. An
el ectric current may pass through the nenory cell
along a direction 870a. The two pinned | ayers 820 and
CLAIMS0 have nmagnetization vectors (such as nmagnetization
vector 840a for the pinned |ayer 840.) fixed in a
direction oblique to the direction 870a. The term
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oblique to the direction 870a. In the witing L
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device conprising: a tirst hard magnetic |ayer having

a firsmagnetbstaticalty caupled aptiparallel ta esebootiherdodorm a flux-
magnet i f I aa/e& havi ng a second fi xed nagneti zation
vect or '8 PYUCYYF: magnetic layer having a first

al terabl e magneti zati on vector and di sposed adj acent

to the first hard magnetic | ayer, and
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

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.

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.

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
magnetic layers, wherein the assistant magnetic layer having a
magnetization vector anti-parallelly aligned with one of the first and the

second hard magnetic layers to reduce the static magnetic field thereof.



10.

11.

12.

a second soft magnetic |ayer having a second alterable
magneti zation vector and di sposed adjacent to the

waemangBobard magnetic | ayer; wherein the firsPCEHG2005@00088

second soft nagnetic |ayers are nagnetostatically
coupl ed antiparallel to eachi®ther to forma fl ux-

cl osed structure. 2. The nenory cell as recited in
claiml1l, wherein the first and the second soft
magnetic | ayers are di sposed between the first and the

- SEBTHaN Y ol E Teblpt M Hdimd: 1her BRRsit actigctrically
hes sdneaetdyer! diggbgeartfétwe'wpﬂ@ﬁmtawmé BecbhdHoft magnetic
and the second soft magnetic |layers. 4. The nenory

cleyersifor passing am eleclris aurrent thesethyonghi si ng an
anti- ferromagnetic |ayer disposed adjacent to one of
the first and the second hard magnetic layers to fix
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5. The nmenory cell as recited in claim4, further

clonpiiowinassing £f ans elaatric eagiantiin 4 B digcdipssand at least one of
TGN Roloh o th o8l e SEESRLNR maanet layers is
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with one of the first and the second hard magnetic

| ayers to reduce the static magnetic field thereof. WO
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as rec Inc Tur nprisin
etlaheddaldlgim donducti ve | ayer di sposed between the
first and the second soft nagnetic |ayers for passing
an electric current therethrough. 7. The nenory cell

gzr;é ?g%@ﬁétib nEhRIAP dovied eisSidtite@an @ ERH 8, §8Hher Tomprising an
electrically conductive line coupled to the plurality of memory cells.

The magnetic memory device as recited in claim 9, 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

line.

The magnetic memory device as recited in claim 9, wherein the electrically
conductive line is provided for performing both a writing operation and a

reading operation.

A memory cell for a magnetic memory device comprising:
a first hard magnetic layer ha\)ing 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
layer, the first soft magnetic layer having a first alterable

magnetization vector; and



to allow passing of an electric current in a first
direction and at |east one of the magnetization

WO 200492308Drs of the first and the second hard PemREe2005/000088
is orientated along a secopd direction oblique to the
first direction. 8 A nagnetic nenory device
conprising a plurallty of nennry cells as clained in
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conductagretic feeyarotipd secoodtduft p’lagmdatu(t ;aym' heringya second
cells. 10. The r%getl C mermr¥ device as recited in
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reci t geiehbed lobligue with Qé§b§cf Reted ﬁFétrleé’étidh of the electric
conductive line is provid for perform ng both

writiegrremdr ati on and a readl ng operation. 12. A
menory cell for a nmagnetic nenory device conprising: a
first hard magnetic layer having a first fixed

13. mmwlc@ﬂ A€ Eited i SRAPNI2 NRUTrth STREH® r@lﬁ@hﬁfelectncally
havi ng a second magneti zati on vector a first soft
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2004/ 093087 PCT/ S&003/ 000088 -16 a second soft
magnetl C Ia r di sposed adj acent to the second hard

14.  Thememe ras fefdtad ial@inet 3. wagren the figpt andithe,gecond
s%f?ﬁ%wetn@iatﬁrégré HBgRBIdAatLANy ¥BabRd antiparallel to each

other to form a flux-closed structure.

15. A magnetic memory device comprising a plurality of memory cells as
recited in claim 12.

16. The magnetic memory device as recited in claim 15, further comprising an
electrically conductive line coupled to the plurality of memory cells for
passing an electric current therethrough.

17.  The magnetic memory device as recited in claim 16, further comprising a
plurality of gate members each coupled to the plurality of memory cells
through the electrically conductive line for controllably passing an electric
current to the respective memory cell through the electrically conductive

line.



wherein the nmenory cell is adapted to all ow passing of
an electric current in a first direction and at | east
wo 20040988Df the first fixed nmagnetization vecpPOr/Saru3/hivess
second fixed magneti zation Vfctor is oriented oblique
with respect to the first d}réction of the electric
current. 13. The nenory cell as recited in claim 12,
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perafien and & 1ading QPefaioPhe second soft nagnetic

| ayers are magnetostatically coupled antiparallel to
each other to forma flux-closed structure. 15. A
magneti c nenory device conprising a plurality of
nmenory cells as recited in claim12. 16. The nagnetic
menory device as recited in claim?15, further
conprising an electrically conductive line coupled to
the plurality of nenory cells for passing an electric
current therethrough. 17. The magnetic nmenory device
as recited in claim116, further conprising a

plurality of gate nenbers each coupled,to the
plurality of nmenory cells through the electrically
conductive line for controllably passing an electric
current to the respective nenory cell through the
electrically conductive |ine. W 2004/093087

PCT/ S&003/ 000088 -17 18. The magnetic nmenory device
as recited in claim15, wherein the electrically
conductive line is provided for performng both a
witing operation and a reading operation.



