MAGNETIC TUNNEL JUNCTION BASED MEMORY DEVICE

TECHNICAL FIELD
[0001] This disclosure relates to memory devices and, nspecifically, to

magnetic tunnel junction based devices that aréigumed for three or more states.

BACKGROUND

[0002] Most modern electronic devices include a power ggucomponents for

storing data, components for processing data, caemge for receiving user input,
and components for delivering user output. It ésidhble for such electronic
devices to have long battery life, powerful proaegscapabilities, and large

amounts of data storage, but at the same tims, also desirable for electronic
devices to maintain small and lightweight form éast To meet these conflicting
demands, it is desirable for the components ofetttes/ices to become smaller
with better performance.

[0003] It is generally desirable for memory components, dgample, to store

more data in a smaller space with faster read aité wperations. Current types
of non-volatile memory include electro-mechanicatchdrives where read/write
heads read and write data from and to a seriestafimg disks. Other types of
non-volatile memory include solid state memorieat thse transistors and other
devices (e.g., capacitors, floating gate MOSFETs) ¢0 store data without any

moving parts and with faster read and write access.



SUMMARY

[0004] This disclosure generally describes techniques vioiting data to a
magnetic tunnel junction based memory device. Tuhniques may in some
instances provide for a higher data density famalker and more lightweight form
factor. Furthermore, magnetic tunnel junction mgmelements in the memory
magnetic tunnel junction based memory device mageston-binary data, e.g., a
magnetic tunnel junction memory element may haveentbree or more states,
which may be of particular benefit to certain apgiions.

[0005] In one example, a method of performing a write apen on a multi-state
memory device includes receiving, by writing citeyi an instruction to set a
magnetic tunnel junction element to a target stditéhree of more states of the
magnetic tunnel junction element. The magnetioé@ljunction element includes
a free layer, a pinned layer, and a tunnel barrihe free layer is spaced apart
along a vertical direction from the pinned layertbg tunnel barrier. The method
further includes providing, by the writing circuifrelectrical current to modify a
position of a domain wall of the free layer alongflba first horizontal direction
and a second horizontal direction to corresponthéotarget state. The vertical
direction is perpendicular to the first horizondaection and the second horizontal
direction, and the first horizontal direction is rpendicular to the second
horizontal direction.

[0006] In another example, a magnetic tunnel junction dasemory device
includes a magnetic tunnel junction element andingricircuitry. The magnetic
tunnel junction element includes a free layer,rnpd layer, and a tunnel barrier.
The free layer is spaced apart along a verticaction from the pinned layer by
the tunnel barrier. The writing circuitry is cogdired to receive an instruction to
set the magnetic tunnel junction element to a testae of three of more states of
the magnetic tunnel junction element and providectelcal current to modify a
position of a domain wall of the free layer alongflba first horizontal direction
and a second horizontal direction to corresponthéotarget state. The vertical
direction is perpendicular to the first horizondaection and the second horizontal
direction, and the first horizontal direction is rpendicular to the second

horizontal direction.



[0007] In another example, a magnetic tunnel junction tbasemory device

includes means for receiving an instruction to @emagnetic tunnel junction
element to a target state of three of more statedheomagnetic tunnel junction
element. The magnetic tunnel junction elementuies a free layer, a pinned
layer, and a tunnel barrier, the free layer beipgced apart along a vertical
direction from the pinned layer by the tunnel kexri The device further includes
means for providing electrical current to modifp@sition of a domain wall of the
free layer along both a first horizontal directiamd a second horizontal direction
to correspond to the target state. The vertigaction is perpendicular to the first
horizontal direction and the second horizontal diom, and the first horizontal

direction is perpendicular to the second horizodtadction.

[0008] The details of one or more aspects of the disctosue set forth in the
accompanying drawings and the description belovtheOfeatures, objects, and
advantages of the devices, systems, methods, @hdiqees described in this
disclosure will be apparent from the descriptiord afrawings, and from the

claims.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1A shows a conceptual illustration of a magnétinnel junction
element configured to represent a digital bit value

[0010] FIG. 1B shows a conceptual illustration of the negntunnel junction
element of FIG. 1A that is configured for use agasor.

[0011] FIG. 2A shows a conceptual illustration of a sidew of a first magnetic
tunnel junction element according to the currestidisure.

[0012] FIG. 2B shows a conceptual illustration of a topwiof the first magnetic
tunnel junction element of FIG. 2A according to therent disclosure.

[0013] FIG. 3A shows a conceptual illustration of a sidew of a second
magnetic tunnel junction element according to tiveent disclosure.

[0014] FIG. 3B shows a conceptual illustration of a togwiof the second
magnetic tunnel junction element of FIG. 3A accogdio the current disclosure.
[0015] FIG. 4A shows a conceptual illustration of a sidewof a third magnetic

tunnel junction element according to the currestidisure.
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[0016] FIG. 4B shows a conceptual illustration of a topwiof the third magnetic
tunnel junction element of FIG. 4A according to therent disclosure.

[0017] FIG. 5A shows a conceptual illustration of a sidewof a fourth magnetic
tunnel junction element according to the currestidisure.

[0018] FIG. 5B shows a conceptual illustration of a togwiof the fourth
magnetic tunnel junction element of FIG. 5A accogdio the current disclosure.
[0019] FIG. 6A shows a conceptual illustration of a sidewof a fifth magnetic
tunnel junction element according to the currestidisure.

[0020] FIG. 6B shows a conceptual illustration of a topwiof the fifth magnetic
tunnel junction element of FIG. 6A according to therent disclosure.

[0021] FIG. 7 shows a diagram of an array of magnetic éujumction elements
that may be used to implement the techniques gbtbsent disclosure.

[0022] FIG. 8 shows a flowchart of a method of performmgte operations on a
magnetic tunnel junction element in accordance wita techniques of this

disclosure.

DETAILED DESCRIPTION

[0023] As computing technology continues to advance a rfesed emerged to
enable analog and neuromorphic computing for tcuafgplications as well as for
space applications. Analog and neuromorphic coatjut may benefit from a
class of analog memory and data storage devicesomaplement digital and/or
binary memory. Moreover, analog and neuromorploim@utation data storage
devices may further benefit from memories that taehnologically similar for
platform commonality, productization, qualificatiorand leverage purposes.
Devices with ever-greater miniaturization and edincy are desired to reduce Size,
Weight, and Power consumption (SWaP). Realizingagnetic memristor may
offer functionality that is technologically comgae and similar to magnetics
technologies and products, such as MRAM (Magnesestiee Random Access
Memory) that support space and strategic applinatwith radiation hardness and
high levels of write endurance, read endurance daital retention.

[0024] The need is also emerging, in parallel, to acconatedeuromorphic

computing and computational algorithms. Exampliesuech applications include
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rapid terrain data processing, target identifiaatiand machine learning. Having
memory and data storage devices that can suppa@iob@nmulti-level, and
neuromorphic computing with commonality may enableategic and space
applications. For example, rather than using & finlemory device that supports
only analog computing, using a second memory detviae supports only multi-
level computing, and using a third memory devicd Supports only neuromorphic
computing, memory devices described herein may @tipgmy combination of
analog, multi-level, and neuromorphic computings uch, systems using one or
more memory devices described herein may permiitiaddl applications than
systems that use different memory and data statagees for each one of analog,
multi-level, and neuromorphic computing.

[0025] A high performance memristor may offer many levefsanalog and/or
multi-state storage and high levels of write endoea read endurance, and data
retention. Examples described herein for compubiagdware may also support
connectivity, loT, and advanced software applicstioin a variety of
configurations.

[0026] Examples described herein for magnetic and/or spiit devices for
neuromorphic architectures and memristor applicatidifferentiate from charge-
based non-magnetic technologies. Such devicesidfsecentiate from current-day
magnetic and/or spintronic devices used in digistbrage and memory
technologies and magnetic sensors which are typiapplied as mainstream high
volume technologies. These devices have poterggilication in current
applications and/or in future/emergent approacpedtations that could
potentially be high-volume. Such a magnetic dewyeen the advancement in the
state of magnetic tunnel junction (MTJ) technolaggiuding inductive and spin-
transfer and resistive and magneto-resistive effeappears to offer nonvolatile
neuromorphic and memristor capability with goodwadce, good data retention,
and low power consumption.

[0027] This disclosure describes magnetic tunnel junctiong/hich the free layer,
which in digital computing is typically used to stdbinary states, is designed for
use in analog/neuromorphic computing as a magmeyier in which a domain
wall is present and can be propagated and stathiliZes the domain wall is swept



and placed across the free layer the resultingagnetization in the free layer
allows the resistance of the magnetic tunnel jomctio take on a range of
resistances, and thus provide multi-state and grialeel storage to support analog
and neuromorphic computing. The choice of the nadtéor the free layer can be
used to control domain wall propagation and stgbdharacteristics. One or more
axes can be used. Structures, including stabhdizatomponents, can additionally
be placed in association with the free layer tbiz the domain wall at specific
locations, such as with magneto-static effects,tiadrethrough physical geometry
modifications or material enhancements. Domair pasitioning can be adjusted
through conductor-gradient or spintorque effectsSome examples of this
disclosure may use domain wall structures and/anado configurations to define
a plurality of states. Read-back may be perforngdg the Tunneling Magneto-
Resistive (TMR) effect. In some examples, reackbmaay be performed based on
the GMR (Giant Magneto-Resistive) effect, in whitte tunnel barrier may be
replaced with a non-magnetic metal.

[0028] In contrast to some memory devices, including magrtannel junction
devices, support two operating modes, one of widch binary mode for digital
information storage, with the other as a sensindartbat responds to an excitation
but has only a single stable zero-state. Othercdsvhave been suggested for
neuromorphic/memristor applications that are chdrgsed but not magnetic and
also not spintronic. By sweeping and/or transtptanfree layer of a magnetic
tunnel junction element with current-driven induetimagnetic fields or a spin-
transfer current, a single magnetic tunnel juncetement may be set to three or
more states, which may permit a resulting memowycgeto become smaller with
better performance compared to magnetic tunneltipmalevices supporting two
operating modes.

[0029] FIG. 1A shows a conceptual illustration of a magnétinnel junction
element 100 configured to represent a digital biug. Magnetic tunnel junction
element 100 may form part of a larger memory dethee includes, for example,
tens of billions of magnetic tunnel junction elertgeor more. Magnetic tunnel
junction element 100 may include top contact 10@e flayer 104, tunnel barrier
106, pinned layer 108, and bottom contact 110.



[0030] Top contact 102 and bottom contact 110 may be fdrofea conductive
material to permit a connection to read a stat@agnetic tunnel junction element
100. Examples of conductive materials may inclimg,are not limited to, copper.
[0031] Free layer 104 may include a magnetization directi@at is free to switch
between a parallel orientation, as indicated bydinable-arrow symbol 112A, and
an antiparallel orientation, as indicated by theile-arrow symbol 112B. By
applying an appropriate magnetic field to magnéatimnel junction element 100,
the magnetization direction of free layer 104 cannverted.

[0032] Tunnel barrier 106 includes a non-magnetic metal separates free layer
104 and pinned layer 108. In some examples, turareler 106 may be formed of
copper, aluminum oxide, magnesium oxide, or anatiegerial.

[0033] Pinned layer 108 may include a magnetization dwacthat is fixed or
“pinned” to a single orientation. For example,m@d layer 108 may be pinned in a
parallel orientation, as indicated by the single»ar symbol 114A. In other
examples, pinned layer 108 may be pinned in anparaile! orientation, as
indicated by the single-arrow symbol 114B. In theample of FIG. 1A, pinned
layer 108 may include an anti-ferromagnetic laygrch that the magnetization
direction of the pinned layer 108 is "pinned” inparticular orientation the
magnetization direction of the pinned layer 108 a&ra relatively fixed when
operational magnetic fields are applied to magnttmel junction element 100.
In this way, applying an appropriate magnetic fisbdmagnetic tunnel junction
element 100, may cause the magnetization direaifofiee layer 104 to invert
while the magnetization direction of pinned layéBXemains the same.

[0034] In the example of FIG. 1A, a magnetization directaf free layer 104 is
used to determine whether magnetic tunnel junatiement 100 is operating in a
first state or a second state. For example, wgitoircuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 100, to cause the
magnetization direction of free layer 104 to inviertset magnetic tunnel junction
element 100 from a logical ‘0’ to a logical ‘1’.

[0035] FIG. 1B shows a conceptual illustration of magnetimnel junction
element 100 of FIG. 1A that is configured for useaasensor. In the example of
FIG. 1B, in addition to using a magnetization di@c of free layer 104, a



magnitude of the magnetization of free layer 10dsed to detect a direction and
magnitude of a magnetic field at magnetic tunneiciion element 100. More
specifically, for example, a magnitude of magnetaraalong parallel orientation,
as indicated by the double-arrow symbol 113A, andéo magnitude of
magnetization along an antiparallel orientation,ralcated by the double-arrow
symbol 113B may be detected using a resistancemantignetoresistance of the
magnetic tunnel junction element 100. In this meanmagnetic tunnel junction
element 100 may be used as a sensor.

[0036] FIG. 2A shows a conceptual illustration of a sidew of a first magnetic
tunnel junction element 200 according to the curmBsclosure. Magnetic tunnel
junction element 200 may form part of a larger mgnaevice that includes, for
example, tens of billions of magnetic tunnel juaotelements or more. Magnetic
tunnel junction element 200 may include top con@2, free layer 204, tunnel
barrier 206, pinned layer 208, and bottom contaét 2Top contact 202 may be an
example of top contact 102 of FIGS. 1A and 1B. eFlayer 204 may be an
example of free layer 104 of FIGS. 1A and 1B. Telnparrier 206 may be an
example of tunnel barrier 106 of FIGS. 1A and 1Bnned layer 208 may be an
example of pinned layer 108 of FIGS. 1A and 1Br &mample, pinned layer 208
may be pinned in a parallel orientation, as indidaby the single-arrow symbol
214A or pinned in an antiparallel orientation, aslicated by the single-arrow
symbol 214B. Bottom contact 210 may be an exaropleottom contact 110 of
FIGS. 1A and 1B.

[0037] In the example of FIG. 2A, writing circuitry may @g an appropriate
magnetic field to magnetic tunnel junction elem20®, to cause the magnetization
direction of free layer 204 to invert. For exampigiting circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 200, to cause the
magnetization direction of free layer 204 to invedm parallel orientation, as
indicated by the double-arrow symbol 212A, to aripamallel orientation, as
indicated by the double-arrow symbol 212B.

[0038] As shown in FIG. 2A, free layer 204 is spaced aplang vertical direction
220 from pinned layer 208 by tunnel barrier 206or&bver, free layer 204 extends
along both a first horizontal direction 222 andeamd horizontal direction 224.



[0039] FIG. 2B shows a conceptual illustration of a topwiof the first magnetic
tunnel junction element 200 of FIG. 2A accordingthe current disclosure. For
illustration purposes only, FIG. 2B illustratesag tview of first magnetic tunnel
junction element 200 without including top cont20@. It should be understood
that first magnetic tunnel junction element 200 rregyude top contact 202 placed
adjacent to free layer 204 as shown in FIG. 2A.eeFlayer 204 may include
domain wall 230, pinning sites 232-237, domain waltleator 244, and input
current metallization 238.

[0040] Domain wall 230 may separate different domainsreé flayer 204. For
example, domain wall 230 may separate a first dopes indicated by the single-
arrow symbol 226A, and a second domain, as indidayethe single-arrow symbol
228A when free layer 204 is in parallel orientati@s indicated by the double-
arrow symbol 212A of FIG. 2A. In some examplesndom wall 230 may separate
a first domain, as indicated by the single-arrownkgl 226B, and a second
domain, as indicated by the single-arrow symbolB28en free layer 204 is in
antiparallel orientation, as indicated by the detdnirow symbol 212B of FIG. 2A.
[0041] In some examples, free layer 204 may include pmrsites 232-237.
Pinning sites may refer to notches, voids, portioh$ree layer 204 formed of a
different material, or other pinning sites. As whg domain wall 230 may be
arranged on pinning site 232 and pinning site 283some examples, domain wall
230 may be arranged on pinning site 234 and pinsiteg235. In some examples,
domain wall 230 may be arranged on pinning site 286 pinning site 237.
Although the example of FIG. 2B discusses threespai pinning sites, more than
three pairs of pinning sites may be used. Moreaadénough the example of FIG.
2B illustrates uniform spacing between pinning ssiteé some examples pinning
sites may have non-uniform spacing. For exampiaipg site 232 may be spaced
apart from a first neighboring pinning site by a&tdnce that is different than a
distance separating pinning site 232 from a sec@mghboring pinning site.

[0042] Input current metallization 238 may represent atuative and/or spin
transfer current or charge that sweeps domain 2&0l to change a position of

domain wall 230 within free layer 204.



[0043] In the example of FIGS. 2A and 2B, writing circyitmay apply an
appropriate input current metallization 238 to netgntunnel junction element
200, to cause domain wall 230 to sweep along sebondontal direction 224 as
indicated by the double-arrow symbol 231. For epamnwriting circuitry may
apply an appropriate magnetic field to magnetimalrjunction element 200, to
cause the magnetization direction of free layer 26 pinning sites 232 and 233
to pinning sites 234 and 235. In another exampiding circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 200, to cause the
magnetization direction of free layer 204 from pignsites 232 and 233 to pinning
sites 236 and 237. In this way, writing circuitngay apply an appropriate
magnetic field to magnetic tunnel junction elem200, to cause domain wall 230
of free layer 204 to translate to a first posit{erg., pinning sites 232 and 233) that
corresponds to a first state logical ‘00’, a secpodition (e.g., pinning sites 234
and 235) that corresponds to a second state lo@italand a third position (e.g.,
pinning sites 236 and 237) that corresponds tard state logical ‘10'.

[0044] In accordance with one or more techniques descrif@edin, a magnetic
tunnel junction based memory device may include metig tunnel junction
element 200 and writing circuitry (e.g., writingraiitry 721 of FIG. 7). As
shown, magnetic tunnel junction element 200 majute free layer 204, pinned
layer 208, and tunnel barrier 206, free layer 28#hdp spaced apart along vertical
direction 220 from pinned layer 208 by tunnel bar@06. In the example of FIG.
2B, the writing circuitry is configured to receian instruction to set magnetic
tunnel junction element 200 to a target state (@igning sites 236 and 237) of
three of more states (e.g., pinning sites 232 @8] Rinning sites 234 and 235,
pinning sites 236 and 237, etc.) of magnetic turjoattion element 300 and
provide electrical current to modify a positiondafmain wall 230 of free layer 204
along second horizontal direction 224 to correspionithe target state. As shown,
vertical direction 220 is perpendicular to firstrizontal direction 222 and second
horizontal direction 224 and first horizontal diiea 222 is perpendicular to
second horizontal direction 224.

[0045] FIG. 3A shows a conceptual illustration of a sidew of a second
magnetic tunnel junction element according to tbeent disclosure. Magnetic

10



tunnel junction element 300 may form part of a éargnemory device that
includes, for example, tens of billions of magnditinnel junction elements or
more. Magnetic tunnel junction element 300 mayuade top contact 302, free
layer 304, tunnel barrier 306, pinned layer 308] aottom contact 310. Top
contact 302 may be an example of top contact 102@8. 1A and 1B. Free layer
304 may be an example of free layer 104 of FIGSafhd 1B. Tunnel barrier 306
may be an example of tunnel barrier 106 of FIGS.abdl 1B. Pinned layer 308
may be an example of pinned layer 108 of FIGS. aé BB. For example, pinned
layer 308 may be pinned in a parallel orientatemjndicated by the single-arrow
symbol 314A or pinned in an antiparallel orientafi@s indicated by the single-
arrow symbol 314B. Bottom contact 310 may be asn®le of bottom contact
110 of FIGS. 1A and 1B.

[0046] In the example of FIG. 3A, writing circuitry may @g an appropriate
magnetic field to magnetic tunnel junction elem&od, to cause the magnetization
direction of free layer 304 to invert. For examplgiting circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 300, to cause the
magnetization direction of free layer 304 to invedm parallel orientation, as
indicated by the double-arrow symbol 312A, to atipamallel orientation, as
indicated by the double-arrow symbol 312B.

[0047] As shown in FIG. 3A, free layer 304 is spaced aplamg vertical direction
320 from pinned layer 308 by tunnel barrier 306or&bver, free layer 304 extends
along both a first horizontal direction 322 andeaad horizontal direction 324.
[0048] FIG. 3B shows a conceptual illustration of a togwiof the second
magnetic tunnel junction element 300 of FIG. 3A axding to the current
disclosure. For illustration purposes only, FI® iBustrates a top view of first
magnetic tunnel junction element 300 without inahgdtop contact 302. It should
be understood that first magnetic tunnel junctitement 300 may include top
contact 302 placed adjacent to free layer 304 awshn FIG. 3A. Free layer 304
may include domain wall 330, pinning sites 332-3@&main wall nucleator 344,
and input current metallization 338.

[0049] Domain wall 330 may separate different domainsreé flayer 304. For
example, domain wall 330 may separate a first dopas indicated by the single-
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arrow symbol 326A, and a second domain, as indidayethe single-arrow symbol
328A when free layer 304 is in parallel orientatias indicated by the double-
arrow symbol 312A of FIG. 3A. In some examplespdm wall 330 may separate
a first domain, as indicated by the single-arrommigl 326B, and a second
domain, as indicated by the single-arrow symbolB328en free layer 304 is in
antiparallel orientation, as indicated by the detdnirow symbol 312B of FIG. 3A.
[0050] In some examples, free layer 304 may include popgites 332-335. As
shown, domain wall 330 may be arranged on pinniteg332 on first side 340 of
free layer 304 and one of pinning sites 333-33%erond side 342 of free layer
304.

[005]1] In the example of FIGS. 3A and 3B, pinning site 383y represent a
relatively strong pinning to hold domain wall 330pinning site 332, which may
be referred to as a pivot point, compared to pigrsites 333-335 on second side
342. As shown, pinning sites 333-335 may be apdrag common position 380
along first horizontal direction 322. Additionallgr alternatively, each pinning
site of pinning sites 333-335 may be spaced aparh fother pinning sites of
pinning sites 333-335 along second horizontal timac324. In this way, domain
wall 330 may be held at a pivot point by pinnintes332 on first side 340 and a
state of magnetic tunnel junction element 300 ntegnge according to a position
of domain wall 330 at pinning sites 333-335 on selceide 342. Although the
example of FIG. 3B discusses three pairs of pinmsitgs (e.g., pinning site 332
and pinning site 333, pinning site 332 and pinrsitg 334, etc.), more than three
pairs of pinning sites may be used. Moreover,caigh the example of FIG. 3B
illustrates uniform spacing between pinning sitassome examples pinning sites
may have non-uniform spacing. For example, pinrsitg 334 may be spaced
apart from pinning site 333 by a distance thaiffeient than a distance separating
pinning site 334 from pinning site 335.

[0052] Input current metallization 338 may represent afuative or spin transfer
current or charge that sweeps domain wall 330 &mgé a position of domain wall
330 within free layer 304 as indicated by the detdoirow symbol 331.

[0053] In the example of FIGS. 3A and 3B, writing circyitmay apply an
appropriate input current metallization 338 to metgntunnel junction element
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300, to cause domain wall 330 to sweep along hiath Horizontal direction 322
and second horizontal direction 324. For examptéjng circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 300, to cause the
magnetization direction of free layer 304 to mosanf pinning site 333 to pinning
site 334. In another example, writing circuitryyregply an appropriate magnetic
field to magnetic tunnel junction element 300, anige the magnetization direction
of free layer 304 to move from pinning sites 332iianing sites 334. In this way,
writing circuitry may apply an appropriate magnetield to magnetic tunnel
junction element 300, to cause domain wall 330reé flayer 304 to translate to a
first position (e.g., pinning sites 332 and 333attlcorresponds to a first state
logical ‘00’, a second position (e.g., pinning si&82 and 334) that corresponds to
a second state logical ‘01’, and a third positierg(, pinning sites 332 and 335)
that corresponds to a third state logical ‘10'.

[0054] In accordance with one or more techniques descrifegdin, a magnetic
tunnel junction based memory device may include mefig tunnel junction
element 300 and writing circuitry (e.g., writingraiitry 721 of FIG. 7). As
shown, magnetic tunnel junction element 300 majua free layer 304, pinned
layer 308, and tunnel barrier 306, free layer 36#hdp spaced apart along vertical
direction 320 from pinned layer 308 by tunnel bar806. In the example of FIG.
3B, writing circuitry is configured to receive anstruction to set magnetic tunnel
junction element 300 to a target state (e.g., pigrsites 332 and 334) of three of
more states (e.g., pinning sites 332 and 333, pinsites 332 and 334, pinning
sites 332 and 335, etc.) of magnetic tunnel juncétement 300 and provide
electrical current to modify a position of domaialiv330 of free layer 304 along
both first horizontal direction 322 and second homtal direction 324 to
correspond to the target state. As shown, vertitakttion 320 is perpendicular to
first horizontal direction 322 and second horizond&rection 324 and first
horizontal direction 322 is perpendicular to sechodzontal direction 324.

[0055] In the example of FIGS. 3A and 3B, domain wall 388y extend along
first horizontal direction 322 from first side 34 free layer 304 to second side
342 of free layer 304 that is opposite to firstesRHO of free layer 304. In this
example, providing electrical current to modify thesition of domain wall 330
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includes providing the electrical current to modife position of domain wall 330
at second side 342 of free layer 304 and alongngkehorizontal direction 324 to a
target position relative to the position of domuaiall 330 at first side 340 of free
layer 304 that corresponds to the target state.

[0056] FIG. 4A shows a conceptual illustration of a sidewof a third magnetic
tunnel junction element 400 according to the curmBsclosure. Magnetic tunnel
junction element 400 may form part of a larger mgnaevice that includes, for
example, tens of billions of magnetic tunnel juaotelements or more. Magnetic
tunnel junction element 400 may include top con#@2, free layer 404, tunnel
barrier 406, pinned layer 408, and bottom contaét 4Top contact 402 may be an
example of top contact 102 of FIGS. 1A and 1B. eFlayer 404 may be an
example of free layer 104 of FIGS. 1A and 1B. Telnparrier 406 may be an
example of tunnel barrier 106 of FIGS. 1A and 1Bnned layer 408 may be an
example of pinned layer 108 of FIGS. 1A and 1Br &mample, pinned layer 408
may be pinned in a parallel orientation, as indidaby the single-arrow symbol
414A or pinned in an antiparallel orientation, aslicated by the single-arrow
symbol 414B. Bottom contact 410 may be an exaropleottom contact 110 of
FIGS. 1A and 1B.

[0057] In the example of FIG. 4A, writing circuitry may @g an appropriate
magnetic field to magnetic tunnel junction elem&®®, to cause the magnetization
direction of free layer 404 to invert. For exampleiting circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 400, to cause the
magnetization direction of free layer 404 to invedm parallel orientation, as
indicated by the double-arrow symbol 412A, to atipamallel orientation, as
indicated by the double-arrow symbol 412B.

[0058] As shown in FIG. 4A, free layer 404 is spaced aplang vertical direction
420 from pinned layer 408 by tunnel barrier 406or&bver, free layer 404 extends
along both a first horizontal direction 422 andeamd horizontal direction 424.
[0059] FIG. 4B shows a conceptual illustration of a topwiof the third magnetic
tunnel junction element 400 of FIG. 4A accordingthe current disclosure. For
illustration purposes only, FIG. 4B illustratesag tview of first magnetic tunnel
junction element 400 without including top contd@@. It should be understood
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that first magnetic tunnel junction element 400 rregyude top contact 402 placed
adjacent to free layer 404 as shown in FIG. 4A.eeFlayer 404 may include
domain wall 430, pinning sites 432-435, domain waltleator 444, and input
current metallization 438.

[0060] Domain wall 430 may separate different domainsreé flayer 404. For
example, domain wall 430 may separate a first dopes indicated by the single-
arrow symbol 426A, and a second domain, as indidayethe single-arrow symbol
428A when free layer 404 is in parallel orientafi@s indicated by the double-
arrow symbol 412A of FIG. 4A. In some examplesndm wall 430 may separate
a first domain, as indicated by the single-arrownisgl 426B, and a second
domain, as indicated by the single-arrow symbolBi28hen free layer 404 is in
antiparallel orientation, as indicated by the desdnirow symbol 412B of FIG. 4A.
[0061] In some examples, free layer 404 may include pmsites 432-435. As
shown, domain wall 430 may be arranged on pinniteg432 on first side 440 of
free layer 404 and one of pinning sites 433-43%econd side 442 of free layer
404. Although the example of FIG. 4B illustratesiform spacing between
pinning sites, in some examples pinning sites mayemon-uniform spacing. For
example, pinning site 434 may be spaced apart pioming site 433 by a distance
that is different than a distance separating pigsite 434 from pinning site 435.
[0062] In the example of FIGS. 4A and 43B, pinning sit& 48ay represent a
relatively strong pinning to hold domain wall 430pinning site 432, which may
be referred to as a pivot point, compared to pigrsites 433-435 on second side
442. As shown, pinning sites 433-435 may be aedrag different positions along
first horizontal direction 422. Additionally, ottarnatively, each pinning site of
pinning sites 433-435 may be spaced apart fronr giin@ing sites of pinning sites
433-435 along second horizontal direction 424thla way, domain wall 430 may
be held at a pivot point by pinning site 432 ostfgide 440 and a state of magnetic
tunnel junction element 400 may change according pmsition of domain wall
430 at pinning sites 433-435 on second side 442.

[0063] Input current metallization 438 may represent aluative or spin transfer
current or charge that sweeps domain wall 430 &mgé a position of domain wall
430 within free layer 404 as indicated by the dewdnirow symbol 431.
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[0064] In the example of FIGS. 4A and 4B, writing circyitmay apply an
appropriate input current metallization 438 to netgntunnel junction element
400, to cause domain wall 430 to sweep along hiath Horizontal direction 422
and second horizontal direction 424. For exampléjng circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 400, to cause the
magnetization direction of free layer 404 to mosanf pinning site 433 to pinning
site 434. In another example, writing circuitryyregoply an appropriate magnetic
field to magnetic tunnel junction element 400, anige the magnetization direction
of free layer 404 to move from pinning sites 432ianing sites 434. In this way,
writing circuitry may apply an appropriate magnetfield to magnetic tunnel
junction element 400, to cause domain wall 430reé flayer 404 to translate to a
first position (e.g., pinning sites 432 and 433attlcorresponds to a first state
logical ‘00’, a second position (e.g., pinning sig82 and 434) that corresponds to
a second state logical ‘01’, and a third positierg(, pinning sites 432 and 435)
that corresponds to a third state logical ‘10'.

[0065] In accordance with one or more techniques descrif@edin, a magnetic
tunnel junction based memory device may include metig tunnel junction
element 400 and writing circuitry (e.g., writingraiitry 721 of FIG. 7). As
shown, magnetic tunnel junction element 400 majud free layer 404, pinned
layer 408, and tunnel barrier 406, free layer 48#hdp spaced apart along vertical
direction 420 from pinned layer 408 by tunnel bard06. In the example of FIG.
4B, writing circuitry is configured to receive amstruction to set magnetic tunnel
junction element 400 to a target state (e.g., pigprsites 432 and 434) of three of
more states (e.g., pinning sites 432 and 433, pineites 432 and 434, pinning
sites 432 and 435, etc.) of magnetic tunnel jumcegbement 400 and provide
electrical current to modify a position of domaialiv30 of free layer 404 along
both first horizontal direction 422 and second bomtal direction 424 to
correspond to the target state. As shown, verticakttion 420 is perpendicular to
first horizontal direction 422 and second horizbndiirection 424 and first
horizontal direction 422 is perpendicular to sechadzontal direction 424.

[0066] In the example of FIGS. 4A and 4B, domain wall 488y extend along
first horizontal direction 422 from first side 440 free layer 404 to second side
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442 of free layer 404 that is opposite to firstes#¥0 of free layer 404. In this
example, providing electrical current to modify thesition of domain wall 430
includes providing the electrical current to modife position of domain wall 430
at second side 442 of free layer 404 and alongngkehorizontal direction 424 to a
target position relative to the position of domuaiall 430 at first side 440 of free
layer 404 that corresponds to the target state.

[0067] FIG. 5A shows a conceptual illustration of a sidewof a fourth magnetic
tunnel junction element 500 according to the curoksclosure. Magnetic tunnel
junction element 500 may form part of a larger mgnaevice that includes, for
example, tens of billions of magnetic tunnel juootelements or more. Magnetic
tunnel junction element 500 may include top con&@2, free layer 504, tunnel
barrier 506, pinned layer 508, and bottom conta6t 5Top contact 502 may be an
example of top contact 102 of FIGS. 1A and 1B. eFlayer 504 may be an
example of free layer 104 of FIGS. 1A and 1B. Telnparrier 506 may be an
example of tunnel barrier 106 of FIGS. 1A and 1Binned layer 508 may be an
example of pinned layer 108 of FIGS. 1A and 1Br &mample, pinned layer 508
may be pinned in a parallel orientation, as indidaby the single-arrow symbol
514A or pinned in an antiparallel orientation, aslicated by the single-arrow
symbol 514B. Bottom contact 510 may be an exaropleottom contact 110 of
FIGS. 1A and 1B.

[0068] In the example of FIG. 5A, writing circuitry may @g an appropriate
magnetic field to magnetic tunnel junction elem®&dd, to cause the magnetization
direction of free layer 504 to invert. For exampigiting circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 500, to cause the
magnetization direction of free layer 504 to invedm parallel orientation, as
indicated by the double-arrow symbol 512A, to atipamallel orientation, as
indicated by the double-arrow symbol 512B.

[0069] As shown in FIG. 5A, free layer 504 is spaced aplang vertical direction
520 from pinned layer 508 by tunnel barrier 506or&bver, free layer 504 extends
along both a first horizontal direction 522 andeaad horizontal direction 524.
[0070] FIG. 5B shows a conceptual illustration of a tomwiof the fourth
magnetic tunnel junction element 500 of FIG. 5A axding to the current
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disclosure. For illustration purposes only, FI® ustrates a top view of first
magnetic tunnel junction element 500 without inahgdtop contact 502. It should
be understood that first magnetic tunnel junctitement 500 may include top
contact 502 placed adjacent to free layer 504 awshn FIG. 5A. Free layer 504
may include domain wall 530, pinning sites 532-5@@main wall nucleator 544,
and input current metallization 538.

[0071] Domain wall 530 may separate different domainsreé flayer 504. For
example, domain wall 530 may separate a first dopas indicated by the single-
arrow symbol 526A, and a second domain, as indidayethe single-arrow symbol
528A when free layer 504 is in parallel orientatias indicated by the double-
arrow symbol 512A of FIG. 5A. In some examplespdm wall 530 may separate
a first domain, as indicated by the single-arrommigl 526B, and a second
domain, as indicated by the single-arrow symbolB2en free layer 504 is in
antiparallel orientation, as indicated by the detdnirow symbol 512B of FIG. 5A.
[0072] In some examples, free layer 504 may include popgites 532-537. As
shown, domain wall 530 may be arranged on one miipg sites 532, 534, and
536 on side 540 of free layer 504 and one of pimsites 533, 535, and 537 on top
541 of free layer 504. Although the example of FEB illustrates uniform
spacing between pinning sites, in some examplesimgnsites may have non-
uniform spacing. For example, pinning site 533 rbayspaced apart from pinning
site 535 by a distance that is different than #&adse separating pinning site 533
from pinning site 537. Additionally, or alternagly, pinning site 532 may be
spaced apart from pinning site 534 by a distaneé ithdifferent than a distance
separating pinning site 532 from pinning site 536.

[0073] Input current metallization 538 may represent aluative or spin transfer
current or charge that sweeps domain wall 530 &mgé a position of domain wall
530 within free layer 504 as indicated by the detdoirow symbol 531.

[0074] In the example of FIGS. 5A and 5B, writing circyitmay apply an
appropriate input current metallization 538 to netgntunnel junction element
500, to cause domain wall 530 to sweep along hiath Horizontal direction 522
and second horizontal direction 524. For examptéjng circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 500, to cause the
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magnetization direction of free layer 504 to moranf pinning sites 532 and 533
to pinning sites 534 and 535. In another examptéing circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 500, to cause the
magnetization direction of free layer 504 to moranf pinning sites 532 and 533
to pinning sites 536 and 537. In this way, writiogcuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 500, to cause
domain wall 530 of free layer 504 to translate forst position (e.g., pinning sites
532 and 533) that corresponds to a first statec&dd00’, a second position (e.g.,
pinning sites 534 and 535) that corresponds tocanskstate logical ‘01’, and a
third position (e.g., pinning sites 536 and 5373ttborresponds to a third state
logical ‘10’.

[0075] In accordance with one or more techniques descrif@edin, a magnetic
tunnel junction based memory device may include metig tunnel junction
element 500 and writing circuitry (e.g., writingraiitry 721 of FIG. 7). As
shown, magnetic tunnel junction element 500 majuae free layer 504, pinned
layer 508, and tunnel barrier 506, free layer 58#hdp spaced apart along vertical
direction 520 from pinned layer 508 by tunnel bar606. In the example of FIG.
5B, writing circuitry is configured to receive amstruction to set magnetic tunnel
junction element 500 to a target state (e.g., pigsites 532 and 533) of three of
more states (e.g., pinning sites 532 and 533, pneites 534 and 535, pinning
sites 536 and 537, etc.) of magnetic tunnel jumcigbement 500 and provide
electrical current to modify a position of domaialiv630 of free layer 504 along
both first horizontal direction 522 and second bomtal direction 524 to
correspond to the target state. As shown, verticattion 520 is perpendicular to
first horizontal direction 522 and second horizbndiirection 524 and first
horizontal direction 522 is perpendicular to sechodzontal direction 524.

[0076] In the example of FIGS. 5A and 5B, domain wall 588y extend along
both first horizontal direction 522 and second haomtal direction 524 from side
540 of free layer 504 to top 541 of free layer B0t is perpendicular to side 540
of free layer 504. In this example, providing &leal current to modify the

position of domain wall 530 includes providing #lectrical current to modify the
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position of domain wall 530 at top 541 of free la$04 and along side 540 of free
layer 504 that corresponds to the target state.

[0077] FIG. 6A shows a conceptual illustration of a sidewof a fifth magnetic
tunnel junction element 600 according to the curoksclosure. Magnetic tunnel
junction element 600 may form part of a larger mgnaevice that includes, for
example, tens of billions of magnetic tunnel juootelements or more. Magnetic
tunnel junction element 600 may include top con&@2, free layer 604, tunnel
barrier 606, pinned layer 608, and bottom conta6t 6Top contact 602 may be an
example of top contact 102 of FIGS. 1A and 1B. eFlayer 604 may be an
example of free layer 104 of FIGS. 1A and 1B. Telnbarrier 606 may be an
example of tunnel barrier 106 of FIGS. 1A and 1Binned layer 608 may be an
example of pinned layer 108 of FIGS. 1A and 1Br &mample, pinned layer 608
may be pinned in a parallel orientation, as indidaby the single-arrow symbol
614A or pinned in an antiparallel orientation, aslicated by the single-arrow
symbol 614B. Bottom contact 610 may be an exaropleottom contact 110 of
FIGS. 1A and 1B.

[0078] In the example of FIG. 6A, writing circuitry may @g an appropriate
magnetic field to magnetic tunnel junction elem@dd, to cause the magnetization
direction of free layer 604 to invert. For examplgiting circuitry may apply an
appropriate magnetic field to magnetic tunnel jiorctelement 600, to cause the
magnetization direction of free layer 604 to invedm parallel orientation, as
indicated by the double-arrow symbol 612A, to atipamallel orientation, as
indicated by the double-arrow symbol 612B.

[0079] As shown in FIG. 6A, free layer 604 is spaced aplang vertical direction
620 from pinned layer 608 by tunnel barrier 606or&bver, free layer 604 extends
along both a first horizontal direction 622 andeaad horizontal direction 624.
[0080] In the example of FIG. 6A, magnetic tunnel junctelament 600 includes
stabilization components 660. Stabilization conmgaa 660 may modify
stabilization. In some examples, stabilization ponments 660 may include strips
or bars that span magnetic tunnel junction elen@&@. In some examples,

stabilization components 660 may use magneto-sinict In some examples,
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stabilization components 660 may use magneto-eigstior switching, stability,
stabilization, read signal, manufacturability, awdither purposes.

[0081] As shown, stabilization components 660 may extetmhga second
horizontal direction 624. In some examples, sizdtion components 660 may
extend only along first horizontal direction 62t some examples, stabilization
components 660 may extend only along both firsizootal direction 622 and
second horizontal direction 624. For instancepibtation components 660 may
extend along an angle extending between first bata direction 622 and second
horizontal direction 624.

[0082] As shown, stabilization components 660 may extdraVa free layer 604.
For instance, stabilization components 660 maydowa free layer 604 and spaced
apart from free layer 604 by an intermediate makd€g.g., top contact 602). In
some instances, stabilization components 660 mayljaeent to free layer 604. In
some examples, stabilization components 660 magnedxbelow free layer 604.
For instance, stabilization components 660 may éeww free layer 604 and
spaced apart from free layer 604 by an intermedietterial.

[0083] FIG. 6B shows a conceptual illustration of a topwiof the fifth magnetic
tunnel junction element 600 of FIG. 6A accordingthe current disclosure. For
illustration purposes only, FIG. 6B illustratesag tview of first magnetic tunnel
junction element 600 without including top cont&f@. It should be understood
that first magnetic tunnel junction element 600 rregyude top contact 602 placed
adjacent to free layer 604 as shown in FIG. 6A.eeFlayer 604 may include
domain wall 630, pinning sites 632-637, domain waltleator 644, and input
current metallization 638.

[0084] Domain wall 630 may separate different domainsreé flayer 604. For
example, domain wall 630 may separate a first dopes indicated by the single-
arrow symbol 626A, and a second domain, as indidayethe single-arrow symbol
628A when free layer 604 is in parallel orientatias indicated by the double-
arrow symbol 612A of FIG. 6A. In some examplesndm wall 630 may separate
a first domain, as indicated by the single-arrownkygl 626B, and a second
domain, as indicated by the single-arrow symbolB28en free layer 604 is in
antiparallel orientation, as indicated by the dewdrow symbol 612B of FIG. 6A.
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As shown, domain wall 630 may be arranged on on@nofing sites 632, 634, and
636 on first side 640 of free layer 604 and on@iohing sites 633, 635, and 637
on second side 642 of free layer 604. Althoughetkemple of FIG. 6B discusses
three pairs of pinning sites, more than three pairpinning sites may be used.
Moreover, although the example of FIG. 6B illustsauniform spacing between
pinning sites, in some examples pinning sites mayemon-uniform spacing. For
example, pinning site 632 may be spaced apart &dinst neighboring pinning
site by a distance that is different than a distaseparating pinning site 632 from a
second neighboring pinning site.

[0085] Input current metallization 638 may represent aluative or spin transfer
current or charge that sweeps domain wall 630 &mgé a position of domain wall
630 within free layer 604 as indicated by the detdorow symbol 631.

[0086] In the example of FIGS. 6A and 6B, writing circyitmay apply an
appropriate input current metallization 638 to netgntunnel junction element
600, to cause domain wall 630 to sweep along fiesizontal direction 622. For
example, writing circuitry may apply an appropria@agnetic field to magnetic
tunnel junction element 600, to cause the magrteirzairection of free layer 604
to move from pinning sites 632 and 633 to pinniitgss634 and 635. In another
example, writing circuitry may apply an appropria@agnetic field to magnetic
tunnel junction element 600, to cause the magntedizairection of free layer 604
to move from pinning sites 632 and 633 to pinnigss636 and 637. In this way,
writing circuitry may apply an appropriate magnetfield to magnetic tunnel
junction element 600, to cause domain wall 630reé layer 604 to translate to a
first position (e.g., pinning sites 632 and 633attlcorresponds to a first state
logical ‘00’, a second position (e.g., pinning si@34 and 635) that corresponds to
a second state logical ‘01’, and a third positierg(, pinning sites 636 and 637)
that corresponds to a third state logical ‘10'.

[0087] In accordance with one or more techniques descrif@edin, a magnetic
tunnel junction based memory device may include matig tunnel junction
element 600 and writing circuitry (e.g., writingraiitry 721 of FIG. 7). As
shown, magnetic tunnel junction element 600 majuthe free layer 604, pinned

layer 608, and tunnel barrier 606, free layer 68#hdp spaced apart along vertical
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direction 620 from pinned layer 608 by tunnel bar606. In the example of FIG.
6B, the writing circuitry is configured to receian instruction to set magnetic
tunnel junction element 600 to a target state (@igning sites 636 and 637) of
three of more states (e.g., pinning sites 632 @8 finning sites 634 and 635,
pinning sites 636 and 637, etc.) of magnetic turjoattion element 600 and
provide electrical current to modify a positiondafmain wall 630 of free layer 604
along first horizontal direction 622 to correspaidthe target state. As shown,
vertical direction 620 is perpendicular to firstrizontal direction 622 and second
horizontal direction 624 and first horizontal diiea 622 is perpendicular to
second horizontal direction 624.

[0088] FIG. 7 shows a diagram of an array of magnetic éujumction elements
that may be used to implement the techniques optasent disclosure. Memory
devices implementing one or more of the techniqlescribed in this disclosure
may be implemented in a wide array of electronigicks ranging from small
portable devices such as music players, smart ghog@me cartridges, and
memory sticks up to larger devices such as taladetputers, gaming devices or
consoles, desktop computers, super computers,rdarpease storage solutions.
[0089] Bitline 708A connects to magnetic tunnel junctideneent 701A (*“MTJ
element”) at node 714A and connects to magnetigdiuinction element 701C at
node 714C. Bitline 708B connects to magnetic tujungction element 701B at
node 714B and connects to magnetic tunnel junalement 701D at node 714D.
Although, not explicitly shown in FIG. 7, each obdes 714A-714D may
correspond to a source or drain terminal of an s84OSFET for input current
metallization 238 of FIG. 2B, input current metadliion 338 of FIG. 3B, input
current metallization 438 of FIG. 4B, input currenétallization 538 of FIG. 5B,
and/or input current metallization 638 of FIG. 6B.

[0090] Bitline 709A connects to magnetic tunnel junctidaneent 701A at node
712A and connects to magnetic tunnel junction efgn®1C at node 712C.
Bitline 709B connects to magnetic tunnel junctiéeneent 701B at node 712B and
connects to magnetic tunnel junction element 70t.bode 712D. Although, not
explicitly shown in FIG. 7, each of nodes 712A-Dyn@rrespond to a source or
drain terminal of an access MOSFET for input curmaetallization 238 of FIG.
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2B, input current metallization 338 of FIG. 3B, uiurrent metallization 438 of
FIG. 4B, input current metallization 538 of FIG. 5Bnd/or input current
metallization 638 of FIG. 6B.

[0091] By controlling the voltages applied to wordline 206wordline 706B,
bitline 708A, bitline 708B, bitline 709A, and bitke 709B, an individual magnetic
tunnel junction element can be addressed. For pbeansuppose that a write
operation is being performed on magnetic tunnatton element 701A. Circuitry
703 may apply an access MOSFET turn-on voltageaalme 706A and a turn-
off voltage to wordline 706B, and circuitry 705 mpass a high voltage to bitline
709A but not to bitline 709B. In this case, thenton voltage applied to wordline
706A causes node 716A (connected to a gate of @sadMOSFET, not shown in
FIG. 7) to receive a turn-on voltage. The hightagé applied to bitline 709A
causes node 712A (connected to a source or draanadccess MOSFET, not
shown in FIG. 7) to receive a high voltage, andsiigrce voltage applied to bitline
708A causes node 714A (connected to a source or diran access MOSFET) to
receive a source voltage. As described abovehitie voltage applied to node
716A causes current to flow through an access MASFHESulting in input current
metallization across magnetic tunnel junction eleh®1A. Thus, the resistance
and/or magnetoresistance of the magnetic tunnatipm element 701A can be
changed. Examples of resistance and/or magnettarse may include, but are
not limited to, tunnel magnetoresistance (TRM)ngiamagnetoresistance (GMR),
anisotropic  magnetoresistive  (ARM), and other tasise and/or
magnetoresistance.

[0092] While this write operation is occurring at magnétionel junction element
701A, it is intended that magnetic tunnel junct@dements 701B, 701C, and 701D
remain unchanged. Although the high voltage agpliewordline 706A can cause
a high voltage at node 716B (connected to a gatanohiccess MOSFET for
magnetic tunnel junction element 701B), circuitr§57may not apply a high
voltage to either bitline 708B or bitline 709B. timis case, with no high voltage
drop across an access MOSFET for magnetic tunmetigpn element 701B, the

state of magnetic tunnel junction element 701B du#shange.
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[0093] Similarly, while this write operation is occurringt magnetic tunnel
junction element 701A, the high voltage appliedbttine 709A causes a high
voltage at node 712C, and the source voltage appdiebitine 708A causes a
source voltage at node 714C. Circuitry 703, howeagplies a turn-off voltage to
wordline 706B. Thus, the access MOSFET of magrteticel junction element
701C does not conduct current, and thus it is aednthat this prevents input
current metallization across magnetic tunnel jurctelement 701C. Without a
current flow, the resistance of magnetic tunnelcjiom element 701C does not
change, and the state of magnetic tunnel junctiement 701C does not change.
Accordingly, by controlling the voltages appliedvwordline 706A, wordline 706B,
bitline 708A, bitline 708B, bitline 709A, and bk 709B, in the manner described
above, magnetic tunnel junction elements 701A, 704@®L.C, and 701D can be
individually written to without altering the statef magnetic tunnel junction
elements that are connected to a common wordlimermmon bitline.

[0094] Writing circuitry 721 receives data input (e.g.0*0‘01’, ‘10'. ‘11, etc.),
which represents a state of three of more stdbegpending on the data state to be
written, writing circuitry 721 defines the apprage voltage to be applied to the
bitlines. As discussed above, circuitry 705 cdstibie passing of the voltages
from writing circuitry 721 output bitline 708 andtlme 709 to the various bitlines
so that the write operation is applied to the adrnmagnetic tunnel junction
element within the array of magnetic tunnel junctedements.

[0095] Reading circuitry 722 is configured to monitor thesistance and/or
magnetoresistance of a given magnetic tunnel joncelement, which may
correspond to a position of a domain wall of theegi magnetic tunnel junction
element, while the given magnetic tunnel junctidermeent is undergoing a write
operation. This monitoring of the resistance andiagnetoresistance is termed
Rmonitor, which represents the real time measuhgthe magnetic tunnel
junction element resistance and/or magnetoresistdngng the write operation. It
uses the write “00”, “01”, or “10” states defined data in to determine which
monitoring state and Rwrite_ref to set up.

[0096] Compare circuitry 723 compares the “00”, “01” or0"1data state of the

selected magnetic tunnel junction element of magrtahnel junction elements
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701A-701D, as determined by reading circuitry 788 defined on node data_out,
to the “00”, “01” or “10” data state as defined nade data_in and issues a write
terminate instruction on the write_control_bl anditev control_wl lines upon
determining that the data states on data_in aral dat match.

[0097] When circuitry 723 issues a write terminate commanadvrite_control_bl
to writing circuitry 721, writing circuitry 721 teminates the application of the high
voltage on bitline 708 or bitline 709 which caughe high voltage across the
selected magnetic tunnel junction element to cebtagnd, thus, stop the resistance
and/or magnetoresistance changing and stop modityimosition of a domain wall
in the magnetic tunnel junction element. When wtrg 723 issues a write
terminate command on write_control_wl to circuifi®3, circuitry 703 changes the
turned-on wordline to turned-off which causes theut current metallization
through the selected magnetic tunnel junction efgnh@ collapse and, thus, stop
the resistance and/or magnetoresistance changitigeimagnetic tunnel junction
element.

[0098] In accordance with one or more techniques describ@ein, writing
circuitry 721 is configured to receive an instroati(e.g., data_in) to set magnetic
tunnel junction element to a target state (e.d®;)‘0f three of more states (e.g.,
‘00, ‘01, ‘107, etc.) of the magnetic tunnel jution element and provide electrical
current to modify a position of a domain wall ofrae layer to correspond to the
target state. For example, writing circuitry 72dfides the appropriate voltage to
be applied to the bitlines. In this example, dirgu705 controls the passing of the
voltages from writing circuitry 721 output bitli®8 and bitline 709 to the various
bitlines so that the write operation is applied th@ correct magnetic tunnel
junction element within the array of magnetic turjoaction elements.

[0099] FIG. 8 shows a flowchart of a method of performmgte operations on a
magnetic tunnel junction element in accordance wita techniques of this
disclosure. The method of FIG. 8 may, for exampk performed by a magnetic
tunnel junction element described above with resfmeany combination of FIGS.
1-7. The device receives an instruction to setagmatic tunnel junction element
to a target state (802). The device provides actmtal current to modify a
position of a domain wall of a free layer to copesd to the target state (804).
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The device can monitor a position of the domainlw&06) while the write
operation is performed, and in response to detgthiat the position of the domain
wall corresponds to the target state (806, yeg),détvice can terminate the write
operation (808). In response to detecting thapttstion of the domain wall does
not correspond to the target state (806, no), éwcd can continue to perform the
write operation (804).

[0100] The term “circuitry” as used herein may refer toy af the foregoing
structure or any other structure suitable for psst®y program code and/or data or
otherwise implementing the techniques describeceiher Circuitry may, for
example, any of a variety of types of solid stateuit elements, such as CPUS,
CPU cores, GPUs, digital signal processors (DSiglication-specific integrated
circuits (ASICs), mixed-signal integrated circuitld programmable gate arrays
(FPGAS), microcontrollers, programmable logic colérs (PLCs), programmable
logic device (PLDs), complex PLDs (CPLDs), systears a chip (SoC), any
subsection of any of the above, an interconneatelistributed combination of any
of the above, or any other integrated or discreggc!circuitry, or any other type of
component or one or more components capable oflminfigured in accordance
with any of the examples disclosed herein.

[0101] As used in this disclosure, circuitry may also ual"d one or more memory
devices, such as any volatile or non-volatile mediech as a RAM, ROM, non-
volatiie RAM (NVRAM), electrically erasable progranable ROM (EEPROM),
flash memory, and the like. The one or more memadeyices may store
computer-readable instructions that, when executegrocessed the circuitry,
cause the circuitry to implement the techniqueshbaitied herein to circuitry. The
circuitry of this disclosure may be programmed, otinerwise controlled, with
various forms of firmware and/or software.

[0102] Various illustrative aspects of the disclosure haeen described above.
These and other aspects are within the scope dbllogving claims.
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WHAT ISCLAIMED IS:

1. A magnetic tunnel junction based memory deuite ,device comprising:

a magnetic tunnel junction element comprising a feger, a pinned layer,
and a tunnel barrier, the free layer being spagadtalong a vertical direction
from the pinned layer by the tunnel barrier; and

writing circuitry configured to:

receive an instruction to set the magnetic tunmetfion element to
a target state of three of more states of the miagmennel junction
element; and
provide electrical current to modéyposition of a domain wall of
the free layer along both a first horizontal direetand a second horizontal
direction to correspond to the target state, thigoat direction being perpendicular
to the first horizontal direction and the secondizemtal direction, and the first

horizontal direction being perpendicular to theasethorizontal direction.

2. The device of claim 1, wherein the domain walleads along the first
horizontal direction from a first side of the frizg/er to a second side of the free
layer that is opposite to the first side of theeffayer and wherein, to provide the
electrical current to modify the position of thenamin wall, the writing circuitry is
configured to:

provide the electrical current to nipdhe position of the domain wall at
the second side of the free layer and along thensketiorizontal direction to a
target position relative to the position of the damwall at the first side of the free

layer, wherein the target position correspondséotarget state.

3. The device of claim 2, wherein the second sidthe free layer includes
three or more pinning sites that each correspormhéostate of the three or more
states of the magnetic tunnel junction element arfgkrein, to provide the
electrical current, the writing circuity is configad to modify the position of the
domain wall to a pinning site of the three or mpmning sites that corresponds to

the target state.
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