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SUMVARY' using ferromagnetic elements and related methods for operating and fabricating the same.

BACKGROUND
[0002] Transistors, such as metal oxide semiconductor field-effect transistors (MOSFETs),
are the core building block of the vast majority of electronic devices. For example, logic
gates, such as NAND gates, NOR gates, and the like, may be implemented using a number of
transistors configured to perform a desired logical operation. However, conventional
transistor-based logic gates are volatile, requiring either the use of additional memory
elements or that the transistors be continuously powered to maintain the output of the logical

operation.

BRIEF SUMMARY

f0003] An apparatus is provided for a logic circuit, The logic circuit includes a first
ferromagnetic element having a first ferromagnetic layer, a second ferromagnetic element
having a second ferromagnetic layer, and a transistor coupled to the first ferromagnetic
clement. The first transistor is configured to allow current to flow through the first
ferromagnetic element. The current influences the magnetization direction of the first
ferromagnetic layer, which, in turn, influences the magnetization direction of the second
ferromagnetic layer.

[0004] In another embodiment, a method is provided for operating a logic circuit that
includes an input ferromagnetic element and an output ferromagnetic element. The method
begins by activating an input {ransistor coupled to the input ferromagnetic element to allow an
input current to flow through the input ferromagnetic element. The input current influences
the magnetization direction of the input ferromagnetic element, which, in turn, influences the
magnetization direction of the output ferromagnetic element. The method continues by
activating an oufput transistor coupled to the output ferromagnetic element {o allow an output
current to flow through the output ferromagnetic element, wherein the magnitude of the

output current is nfluenced by the magnetization direction of the output ferromagnetic
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[0008] FIG. 11is a schematic view of an exemplary embodiment of an electronic system;
(0009] [FIG. 2 is a flow diagram of an exemplary control process suitable for use with the
electronic system of FIG. 1;
[0010] FIG. 3 is a schematic view of an exemplary embodiment of a logic circuit suitable
for use in the electronic system of FIG. 1 and/or with the control process of FIG. 2 in
accordance with one or more embodiments;
[0011] FIG. 4 depicts a table 400 illustrating possible combinations of digital input values
to the logic circuit of FIG. 3 and their corresponding magnetization directions for free layers
of the input ferromagnetic elements and the resultant magnetization directions for the free

layer of the output ferromagnetic element in accordance with one or more embodiments; and



100071 A nore conpl ete understandi ng of the subject matter may be derived
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input ferromagnetic elements are arranged with respect to an output ferromagnetic element in
a manner such that magnefization states of the input ferromagnetic elements influence the
magnetization state of the output ferromagnetic element. Each input ferromagnetic element is
coupled to a transistor that is operated to allow an input current to flow through the respective
ferromagnetic clement to configure that ferromagnetic element for a magnetization state
corresponding to a particular digital input value for the logical operation, wherein the
resulling magnetization state of the output ferromagnetic element indicates the digital output
value of the Jogical operation. A transistor coupled to the output ferromagnetic element is
operated to allow current to flow through the output ferromagnetic element, wherein the
magnitude of the current is influenced by the magnetization state of the output ferromagnetic
element, and thus, is indicative of the digital output value for the logical operation. The
ferromagnetic clements maintain their magnetization states in the absence of electrical power
(or current), and thus, the ferromagnetic logic circuits described herein are non-volatile and
capable of maintaining the digital output value for the logical operation without consuming
electrical power.
[0015] FIG. 1 depicts an exemplary embodiment of an electronic system 100 for operating a
logic circuit 102 that includes, without limitation, the logic circuit 102, an input current
arrangement 104, a sensing arrangement 106, and a control module 108, If should be

understood that I'IG. 1 is a simplified representation of the electronic system 100 for purposes
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100141 Techni ques and technol ogi es descri bed herein may be utilized to
perform | ogical operations using ferromagnetic el enents. As described in
greater detail below, one or nore input ferromagnetic elenments are arranged
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out put ferromagnetic elenment 114 is influenced by the nmagnetization
direction of the free layer 122 of the input ferromagnetic elenent 110. In
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[0019] In an exenplary enbodi ment, the input transistor 112 is coupled to
the input ferromagnetic el enment 110, and the input transistor 112 and the

i nput ferromagnetic elenent 110 are con@igured electrically in series
between a first reference voltage node 118 and a second reference voltage
node 119 such that current flows in series through the input transistor 112
and the input ferromagnetic elenent 110. In the illustrated enbodi nent of
FIG 1, the free layer 122 of the input ferromagnetic elenent 110 is
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100211 In the illustrated enbodi nent, the input current arrangenent 104
includes a first current source 150 configured to provide an input current
inafirst direction, a second current source 152 configured to provide an
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150, 152. The magni tude of the input currents provided by e i nput current
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appropriate dir ion corresponding to a desired digital inpyt value, and

t her eby aﬁfl?bgﬁﬁé ¢ A Y PEFT Srerghratie fgaa%gﬁ\ Y D3efEHiahaGRigh & ifst i on
state cowy@ﬁpjmitﬂgesgeqttt@ﬁle%asgfn%ﬁgat%%ﬂeakmit (R NEbRed 1%2&21%10. Wen the

switching element 154 is in atirst state, current source 150 is

conf i gur 18] ednranc akdmplary smbodimebst theanpttheagissemd1? éf epeplcé twolht agpuinode
119 and t.he input node 1 to.provide an.in cyrrent flowing in the
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ref erenceiyald agfigiedeciddBcdlDy thSerk@Wetednes Mrftakfeddnet RRIGLAPYLI 1 e ahsthor
112. In this regard, when the input transistor 112 is turned on or

ot her wi s&cqed irgErage viriliage tede shi%t eibnhaelcaprenit flowa inssarigs tthevughribe ispuit e,
the input., current, fro CENPUL current ce 150 flows thrqugh the input
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When the_tunnel current flows fromthe pinned | ayer 120 to the free |ayer
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a Spim t by e e b ARl e Rkl 08, B T0RY bAKERorcFh, PR 2R
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directiopn as .(or .magneti cal l allel to) the magnetization direction 126
of the plfiet iy P 196 Mo L v,cowﬂeﬁq ' Smﬁeﬂfew&%v@%ﬁﬂw%ﬁ% ¥aj
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nout nodeebooeEH EsRa b ERuteta Uil A0 dep RS Tori e
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element 154 is in the second state, the input current fromthe
coupled to the control module 108, wherein the control module 108 operates the input
transistor 112 and the input current arrangement 104 to provide the input current in the
appropriate direction through the input transistor 112, which in turn, creates a corresponding
tunnel current through the input ferromagnetic element 110 to control or otherwise influence
the magnetization direction of the free layer 122, and thereby influences the magnetization
direction of the free layer 132 of the output ferromagnetic element 114. In the illustrated

embodiment, the first reference voltage node 118 is configured to receive a positive (or

supply) reference voltage for the electronic system 100 and the second reference voltage node
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i nput current source 152 flows through the input transistor 112 in the
direction fromthe supply reference voltage node 118 to the ground

ref erence voltage node 119 and results in a tunnel current flow ng through
t he |nput]§ IoragnRatd, ¢ _ 0. i.nned
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circuitry and/ or other conponents o e electronic system at are
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154 of t t re L ovi de t D riate. d| |taI
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from t helg2ogi (ﬁ)nﬁ?palh‘blﬂ wmaahan@ms theuis e RICRIU A NGRITBAES, 1Qﬁid1tﬂﬂdlljﬂemqfaor m
addi tional . tasks and/or functions aSSOCIated with the operation of the

el ect r onP8ics§IEEm Wonay ds dpbmraged vl £AOY dplnqatipe (tephiiopes éa dlepaiibe e he
enbodi MefL, ot fi8.iEpAL% 0l nodul e 108 may be inplenmented or realized with a
gener al %ur 0se processor, a mcroprocessor, a mcrocontroller, a content
addressd@ﬂ%ﬂnehnﬂy;ﬂhm@ﬂgﬂmamoémgmaﬂhpnnmﬁsmumntanmnghdnpnﬁgnmﬂmﬁhheﬁgmte
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herein may be enbodied directly in hardware, in firmvare, in a software
nodul e executed by the control nodule 108, or in any practical conbination
t hereof 100251 It should be noted that FIG 1 is a sinplified
representation of an electronic system 100 that includes only a single
logic circuit 102 for purposes of explanation and ease of description,
however, in practice, nunerous logic circuits may be interconnected to



i ncl uded, and may be incorporated into a nore conprehensi ve procedure or
process having additional functionality not described in detail herein.
100271 Referring to FIG 2, and with continued reference to FIG 1, the
control RIHGEsS 5200y &H’)ét éx%ﬁt%_iﬂg {REGi RSN cgq'@?'mqng%h BB GUT f2nt
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el enent  PEYCHFSPFE f%f}é cOrPBREIES 1 RYSHERED 102 YR RE AVPSTARhaLY the
current ghmk AeiphARM buRGH ehelGPoGite ER& ARk ShCinp&livhrehlprol el IE? thd Bﬁ’tﬁtt fn Gt
corresponding to the desired digital input value. For exanpl e whe
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magneti zat i on recti an 126, ng| net.i c | ds fromthe free
Pt R PR A S - S et T R
llayer 13gc(Rhtddh@hiRUiRUhvifcBMIBARR1 153 8lif RN ecddd shr, GRUSBUL BBrent from the
magneti zation direction of the free layer 132 to be aligned in the opposite
direction, that is, in the direction opgosrte (or magnetically antiparall el
t o) nagnetization directions 126, 136, Pesulting in the output
ferromagnetic el enent 114 being switched to the high inpedance

magneti zation state (or logic '0"). Conversely, when the input current
indicative of a logic "0 input value fromthe second input current source
152 IS provrded to the |nput node 160 the |nput current floms through the
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operation perfornmed by the logic circuit 102, at any tinme after the input
transistor 112 has been turned off or otherw se deactivated, the control
nodul e 108 applies or otherw se provides a voltage to the gate term nal of
t he out put,t LaRskSiAcel : . . AMSE, i -he.. t.
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ferromagnetic el enents 302, 304, 306, an output ferromagnetic el ement 308,
a pl ur al nfierged;bypte impgdrece stesoithe outpuy fergargagnghiel ekemedtit phit Ie tinsestdr
318. Theuel Of ar.e. siem lar,t nger l.egent s gdescr i hed
above | e re onneeSpegp e, O oo, RO ARl 0RO BERESR

el enent sfewiohlagnaic demereduiddandd on the peahaddde e ivoliddeat dendepit nofle F@Gand. |t
shoul d be understoad that FIG 3 is a sinplified representation of the
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conponents to provide additional functions an fleat ures, an }or the logic
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under st ood. . Thus, althou Fl depicts direct electrical connecti.ons
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a substantially simlar manner. In this regard, it shou!é’be appreci ated
that al t HBUigereds thagihe tetieshald volg vdienrhGoupul Srigpnengiprdenens 1pdns ortret he
maj ority;. i [ ) ree i npputs, .the ter i.s, net intended
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i nputs. 0@%@1 In the illustrated enbodi nent, the ferromagnetic el ements
302, 304mbgsEnenipheapsistance o disreaigiéys dlementtlAeils choseipsychyii e mampitudgof thgg o
352 are il 10 e | & N WEE free d 322,
332, 32 e R e 45 Th B Do L R G

| ayer 350 4pfnd the outpuptrandistor bifaginet the oelfpenemtsisBH8.16lintutiddsor @gand, médier

magneti zation di.rection of the free | ayer 352.of. the output ferro etic
ol ament 958 S R AUETH By SO HRETOTS PAEPEHAICR SoUIOHE Bre he Frade

| ayers 322, 332, 342 of the input ferronmagnetic elenents 302, 304, 306 such
that the magneti zation direction of the free | ayer 352 of the output
ferromagnetic el enent 308 reflects the mpjority of the digital input val ues
provided to the logic circuit 300, as d&scribed in greater detail below As
illustrated, the output ferromagnetic elenent 308 is disposed between a
pair of the input ferromagnetic el enments 304, 306, wherein the
ferromagnetic el enents 304, 306, 308 are spaced apart and arranged with
respect to each other such that the |ongitudi nal axes of the input
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[0034] In a simlar manner as described above in the context of FIGS. 1-2,
the output ferromagnetic el ement 308 effectively functions as a bistable
resistive switching el ement capable of exhibiting either a high inpedance
magneti zgld 90shighGorPlirdibRWr iPRIANGE: | %2t | A6
majority of ail’lgilta ni0n1|lout1 va?ues pr ogﬁdg%)g?%tstlﬁg%%ﬁt%f&e]ﬁ%l%?@rg%gteﬁ?&?m&

el enent s 130 tuB®4,0n306. For exanple, a logic '1' digital input value (e.g.,

a curren l.owi.ng fromthe pinned | ayer 320 to th e |ayer 322 rqvi ded
fo the T 10Gu 1Btk St 86, B firerhre bRl M08 Gead B mearetn® Beult s
in the magReltd 3rbRBsifl 1654, GRulfy Llfol 586 Jé(ﬁﬁ[}f%neg’t%%fgﬁé @g:cilrﬂniE Q?sé%lgnﬁ_l{)he

direction as the magneti zation di'rection 326 of the pinne ayer .
fri ngi ngtmagrreedndigied] idpkragmibieHeansistaes | el 6322 theseiteldng wientent e Hf de

| ayer 352 of the .output fer agnet i | ement 308.tq .cause the . .
mmgnet 2 SUCb s mesPlme [ ERE PO, ferTRiior i vl BETE vl 1o treloeic
opposi t ecidéuiecl amd/of behini dgitdlNouyfe GRS fHind 86t IopR @S ultOI2NBANStHE &rsthg
paral l el to) magnetization direction 356 and opposite (or antiparallel to)
magnet i z AEREISIEDNF £ ia8f perderm agdditipieal dape and/pelunglionsgistociated Withithaeparatipnt
val ue prqyis . ngah N node 364 .(e. 0.1 @, rent. fl.ow . r om
t he pi Engg 1ﬂ§%e1%(9‘39%lg:e tsg&tg1 eq?dg e(gelgf:lé}s}glr ?%ééatéﬁ]i#teaﬂt %81%?(%0]%%1]3%“%%& o [ho

t ransi st emb3didens thaicoed] avdnlesldidtisay be ithdeimagoe bt Zatizanwilh aeehéranp@hodehe

free layer 332 being in the sane direction as the na%netization,di rection
336 of t RPCHISAhEdMCERPEPCCa™E, 8 MIEOFANLIRYFng CREGHaEeSTabE memphpmdigl igad
layer 332dcBdseF aCticliMoldrdhiSablt §Gtel AYE! bt 6y " RARAN e

el enent IOE(B: tSo caucs(\émptd%é Inaalélg'?’? tzeaﬁlaglhalg’?%é%%%eﬁg%@fﬁ%}ﬁ%}% lfrog{ec ayer &%‘gg&t 0
tend to fdtowritransisier Eae ditcreée hardware ¢rapansntsj or dniyecoseimmtioh tbotohdedgetior
magnetical ly parallel to gnet i, zati.on directions 336, 356_and opposite
(or nggngiP§£}W}%Q%§P%%?Q?¥§%”ﬁ8§ het %ék$dﬁgﬁaTﬁE%?%ﬂs§§émy68%$8géﬁly,

a | ogi ¢ aoritingtéxlibbdRHUEonBttR {Bh Gho ciiboditieh@REiscldseasBgif fappkhetorre

| ayer 332 to the pinned | ayer 330) provided to the second input node 364
resul ts flseathydn hatgvete. Zatirenvags, ie etsoBwaesf mpde eresatdddyethe 38ntganodplopphsi t e
to (or net | B hpar.al L.el to) magnetization direction 336, which, in
turn, cgﬁggz&#%%k#égﬁgb#€%¥ﬁggﬁﬁ?ﬁgction of the free layer 352 to tend to
flow in (deesHi Tediukihboppesd iitae F1G. [ & a sagligleld cglrkynaribh pabalel@trohio)system
magneti zation directions 336, 356. In this nmanner, the fringing fields from
the freel PGt mdpdsseqly gr agleHegicr ikyitn2r fos| rispasep Rl explapglion g ease 342
when t hegl . fe magnet i .c. _ 302, 4 -hav. ane. y| ion
state (oogombo R o el e iredosll CRBHE blF RETRABIMERLERLED
364 are hdemente) desired fuh@iohnlitygi Ingthis elgats], fir practited chitedithayerthd3erigrpose

the fringing fields fromthe free |ayer 322 when the input ferromagnetic
el enent 38%6‘%3“%64‘9{?1@\9 ee?‘fcﬁl:éc”i prEy é'%ﬁaﬁe‘ﬂ?ﬁ'a?‘?"&?t Strapeement 91%4 W?e?f’nﬁll‘i‘é
di gital ARpisbnval WS PHRY LSRR thodiiie lbg‘)pf]g'lray 'T)qu§diﬁ@% Ztg@%]ﬁalt%ﬁgacgiﬁlg ];ngtﬂf?]%;) :

Simlarly, the fringing fields fromthe free |ayer
f er r omageid wreglieipaietu@®Qeethendf orce the fringing fields of the free |ayer

322 of t i rst el t 3 d/or the f | 332 of the second
Forromol0etk BrERRRaA e thE" ot grean Frist v dec B s aRa ToPEREe
third i ngiifignRdeo3%6ions 4 bauSaMRoRss bieast addiBbndl UL, MabitdsPhRybslestide t he

first input node 362 and/or second input node 364, and the fringing fields
f rom t hedgsgideed bgjew. e vppus @skhaay ierpgirfogmed by geftehre; hardpvaee firayware, 322

and/ or t avern..3 J -di gi.tal i nput val: rovi-ded to the
fhira i ot daaeEEhoRdg, MR B e, PR b HE RO AT b GsTilda o
t he fi rstlempmgputimancideeBaRvarid/connaaonrdti At nhdpradtd, HORSG] filtisns, byid
virtue of the Ehrsicali_(ragge nt of the input ferromagnetic el ements 302,
304, 306°REHHIVASIAY hﬁe&%@&w Y BitfRe Japats olebadescriRed srvianrwek pois lags,
336, 346, e AR O tYe@E s Bh [Wol! i - Vi : Jynput
nodes 3202”0\026510261?}%% I@%!rt r%llslgglngllfﬁqog%gg%gp?:’ &%uﬁtcny]? %elé‘%%ﬁg‘%@ﬁ*ggﬁ g}ge t(”glélﬂrﬁledéti on
of the fmedulpdP8srthgds@ut éndsstoo1i?,ahe bntpuheasiate dior ead/potheasvifching element

ayor 35070f 1 Risuls B abeerREEanAT SOPEEh P BE ViH e el Bab on

direction of the free layer 352 is in the sane direction as the

magneti zati on direction 356 of the pinned | ayer 350, the out put
ferromagnetic elenent 308 is in the | ow i npedance nmagneti zati on state, and
is thereby indicative of a logic '1' réplecting the mpjority of the digital
i nput val ues provided to the input nodes 362, 364, 366 were logic "1'.
Conversely, when a majority of the digital input values provided to the

i nput nodes 362, 364, 366 correspond to a logic '0', the magnetization
direction of the free layer 352 tends to flowin the opposite direction as

D o o - o ~ T~




10037] Referring now to FIGS. 1-3, as described above, the logic circuit
300 of FIG. 3 may be utilized with a control nodule simlar to control
nodul e 108 of FIG 1 and/or with a control process simlar to the control

process 208,44, EAonag Hc%‘ig&gpila%dQH%r 2100 ok Itcﬂgnsgn%g@%cgdug&m roadQ- halk/{'h this

regard, a control nodul e nmay operate i nput chirrent rangenents couple
t he i nputdditdes f@ﬁmpnﬁﬁﬁnoﬁﬁﬁcaﬁlmedpindviadéleimput currents in the appropri ate

di i d th d dj t | d d
Vol t ages NTE hIGTBRBELEMG oS s it lidigs of B, & g Sonef rocBseliog”
turn on {hgaliRPYE bédiABY 84:BTptiridd 2he Bpth cuPkBi hiParflehot ﬁ)bﬁlc' R gﬂéhéleiﬂf)& t Y

produce tunnel currents through the input ferrormagnetic el enents

306 t hat viles (frsk 209)t hethisrpgend hetcooiiolsnedde 10§ rdch@ﬁ@snp wtherarse dma:gnmcs the

el ement s 3 2 06 corr t he. di _
control nﬁ’% m3pQu Vas’t?bts?e U ?f‘f)g“’cg \%l? dg PR &BFIﬂ'ngQ B}dt %@lﬁﬁéﬂeé “érsr‘ﬁlgﬁ'lngof

t he out pelenichansi (ﬂttbdi 111%1180111&3111 bifi- i g@thch 040 tpoAki dé é}@ﬂ@bﬁét@fenﬁﬁi&h@ﬂ@uﬁlhdc@W
current t o flow through the output ferromagnetic el enent 308. descri bed

above, a é%ﬁ&ilwdoahCr%wgér%Qﬁtm r‘rlﬂffydlb@tlatl icprosgnelige de e dgsirad tdr@taha@nbmimt i on
state of phh ?é@r RUG R0 p%}k&ggg@ rﬁ?e[&ﬁleg’g%oﬁaﬁ d gt ho%&t}%ﬁ ! %ﬂgﬁ’m&f i@SS

t he out put magneti c e esponse o curren rough
t he out pulenker ﬂb4mgxmeﬂplond£lcenﬂaglc 308andnidc Idmemﬁb@dahdema?gﬁe}uﬁah@l éﬂa@l bathe
out put val ue the majorit ion performed by the

ction logic opera
| ogi ¢ ci PEGRY }%@@%%%038 eigat fr Eﬂlg%%wstgﬁ' ﬁa}@gwgl aihﬁl i AP SHETe R the
ref er encgjdQioh! feen e B geQC(?iayglalPﬁG F@iﬂcqﬁquy&h@ﬂ £8LGhE 'ﬁE&%éLﬁ cuént %9%1?

descri bed herein may achrreved by performng one or nore front
line (FEQYY ccpr@petgb totagpgict'd” tnpninvalhe andpuinpoutpunt in &imsdzmcbmsfrom the free

(BEct)  phokele by BpeTiae Pt o SR BB p b efteshaghes I wiraeimis © 5
over | yi n@hoid®’ injput AlQut ﬂUﬂa1§ fe@flgl B0 fonsd lﬁahtﬁfyﬁ@&addéne@ﬂ'ﬁéﬁhi@ﬁbut value of
enbodlnents of the subject matter described herein can be realized using

exi st i nglogénilcdheiaenten medwlq L& prsmateedbhmidiubiag atmas iphterecupipthe fesitispht
design t o le% Ts&u?éa ?% af l%e nﬂx?'ﬂgd h%né anvclsej| in Ieaa@%sgt | Agf}ﬁﬁ’&%{% g%su&d ant

fabrlcatlon aci as a ry or 'sem’con

(or fab) digital 1apmtuaﬂdeyomg11uf‘a’g the @nlthnﬂﬁMbQGS OpaRRANBE uSiichiielsMBHEITE to
descri bed a@aY practice, the I%%out de5|gn files used in this context
can be stY® “(‘Sﬁecoéﬁé‘éiﬂ’éﬁu’é‘ﬁlt sehrced fretoife Bnahbesdsi K9 by any suitabl e

non- t rangighgy ¥ nf ngﬁiblaﬁ]g ?%&hﬁaéﬁ? Ay r@oﬂt?olC@%Eéﬁtser Gﬁ%ﬂﬁ@sb%f ab kLY g)ﬁ 'o nz

or data stored thereon't en executed by a conpute cessor,
li ke, facthkivtisg erdiaponcat iilqnlt (lean$1klel &paimvaﬂlnEselayai mpsi cu}‘ﬁml &eﬁoazrtdx‘cﬁkgh

circuitry descrjbed her‘el QJ ring to Fli

Cnput 1 BRSTBt ol ST PG ir o6 Fetig 0 mBudt et ST v Parbe 4 GHbBu

transi Stélém&ﬁtrlléqttb'E&l}ﬁ@‘ﬂl@(agjpﬂ)pa1dﬁ?:‘{hj%ltcuh{:§1n§%'u§:thr5()lil@)torfﬁé/m?ﬁl 1 Rf T8, ¢ @ a

sem conductor substrate 506 in a conventional manner performng we
control module 108 applies or otherwise provides a voltage to the g é,ate terminal of the mput
transistor 112 to turn on or otherwise activate the input transistor 112 and allow the input
current from the selected input current source 150, 152 to flow through the input transistor
112 and the input ferromagnetic element 110. In an exemplary embodiment, the control
module 108 provides the voltage for an amount of time that is greater than or equal to a
minimum amount of time required for the magnetization direction of the free layer 122 to
settle in a particular direction (e.g., either magnetically parallel to or magnetically antiparallel
{o magnetization direction 126) in response to the selected input current provided at the input
node 160. After the input transistor 112 has been turned on for the required amount of time,

the control module 108 removes the vollage from the gate terminal of the input transistor 112

(or otherwise applies a different voltage {o the gate terminal of the input {ransistor 112) to turn

11



known conpl enentary net al - oxi de-sem conductor (CMOS) FEOL process steps.
After formng transistor structures 502, 504, fabrication of the |ogic
circuit structure 500 continues by formng a |ayer of a dielectric nmaterial
508 (€. g.off @otheHagsd (?e)ﬁ@t'iva@é ﬁlleEiHISJt'tFanE@ﬁb?rllQ QY el A e PQ@ og RS ShRugh the
structures 502, 504, and form ng a conductive materia at appropriate
IocatlonsmmﬁmnnmﬂbheH]nterlayer dielectric layer 508 to prOV|de el ectrical

connect i e. to t ain source .ter i ons of .the
S oanet <t 30823 7 8 dsstliB e he by r LRk B Bt e T SRt 6P on
of the | @@l frs€infbichr&iirddaicdrs0I0PGoMd RUAS 1t fn@ﬂén]@@, tﬁe %ﬂﬁt@‘éﬁﬁéﬁi%ows

material 512 overlying the interlayer dielectric |ayer 508. this regard,
t he condd&Pigiethvenpytifairomamesg eldneas 1 4hdogote adtsd ddyer \wehgo moimem tIRas

of the Pl Sl E S bad i BeSuRES Il b AR RIER 0% o Bralblr B T e

transi st q)Eu a,islt,]r MC('E)U E@ﬁil 5@2 e ptdntidrabien doBagst B $fah plmedBgRet DE eheimNinS
520, 522 ferronagnetlc el enents 110, 114) that are subsequently

f or med o#@r tnyt“n%“f)ﬂ’éé%lﬁcﬁf‘dtt%l%ztaeugulelﬂwslw Inpsflaneg pgnetizagion glpks 13pe to
conduct i I

Cnter ayor ARGRaLTRAEhIED DORCCR fol BYCRL I 10 ERANRE Sibuf YeHdpkloBd Blmens
met al matléd iiain ttﬁylohzelnuedmwedna@neheattdmestﬁorwit}ctt|11V@nﬁtﬁ»taebn alirebiich 0N&1k3|ﬁldeng
the vias,510 nnected to the appropriate terntna regl ns.of the
translstgp@sﬁﬁﬁ ﬁFe¥n§Ug“m§6ﬁaggﬁﬁfﬂbmHP%éﬁcmﬁ@r Hpirmging magngtic giglds on
513 of t ﬂ%nﬁﬂ’t@@%@%;}é@ 197BbAdhe rir?ﬁu@ 'fét%111&41@11981%51311@151 ﬁntéhz@t 4@ ddate B gavf ges
an el ectrical connéction to drain Tegion 5 e input transistor

st ruct ur ef feugt écnommlc‘dqc atemenetlrﬁ toadausgsf the heg,mtpnatlom r:laumostodmhelﬂm lawfld a
second p con rlies

that pr oyt b ddp e b RdtRan bty Rong Sk degpBi o Bty

out put t eR)SirEledrto B nidgGbtidatioR QftreCBols 126,Ne3aIr RbNAEIA tAal ou@futt REAMERUL
transi stor 116). The renalnlng portions 513, 515 of the conductive naterial
512 may BEnWESidhelriin safiched (ndhe Jbsk Jowadange fraegnstizationr @tﬂegﬁet logicef @hent s
520, 3522 n S

Vo tor v RSP BREA TR p B L GLRPER G LT PR W36 D AN,

still bechiogrntechiroy &5l wlmgvlddftdtoaheﬁipm gadd Y0¢ thengait eduélﬁ ﬂd‘ih%l throagh afl iap@d
transi st Qr structures 502, o av0|d increasing the area footprint of

04
ha T oo! EPHAERic SEmsRt Ll ne00he £ae JeseadE s RLPRIed B PRl 24 hAcR @sEE t he
di st ance
i ot ance EarAERl:A08 "‘;%F%@*;%?“@?*sél o e PP oo fiimed Bsh Sicafiy Bpdilac Bine
connect i ongndizhiwedirttiont Eimohadle pegedisycbd2(, Ekdlimpdnt the ifputriemagngtdtic

el enent s PZO g@%% .100401 Aft.er Eorntn the.conductﬁge ter|%8 512, the
Fabr i cat fBMCEt DORSIE B Rikbs TRy e g d Gy shier Wiee SF° et raghetste
netal magiemeal 1 BLA iQMBE highNehgeBfhck QBh el Ao dtats Whithcs H{d?né%’tloﬂz 91’10&?&@@' e,

a ferromagnetic netal material 514, such as iron, cobalt, nickel, or the
| i ke, maipcecedayst demabihy diepdei Qmsmemmimgu@bdimmpn\}% rthe Eiigng mgnetﬂ:‘he

L OB RORRL B TBLE 1 TSHR Rl i HOELL 03725 BYOSH YR t

f er r omagdieddtion el drefidesladO, 323b1:41)1gnéﬁ frethe BREMOND phBGtel tAY BlagRétihien Hirédton
ferromagnetic netal material 514, fabrication OP the ferromagnetic el enents

520, 5220 &t iffGedyBy 18er Mhahgisa i dersagic direstivat ps dorrapasnetgally gaglier ()i ng
the first.f

For r ormonar Fo apaiRia@al il Ly raffind At RhD R hEle HepBof PP B0me |,
this regamﬁﬂwdheﬂmﬂeWempmkmcmnmgmmahuﬁiﬁmhmmdbgmn$)as the insulating | ayer

. g., t 124 f the f t | ts 520, 522
nd’s he bR o1 oSG Re Pt s SPa g 8% RE oSG s TERRS I ayer
(e.g., 1rn?§t lf%Vcﬁt'ia'iné@c?— »eleqa?e%l 101T g Qbﬁte@c&ﬂtﬁl ﬂﬁh@"vhl‘fi‘tk St Y% qﬁocegs weg by

confornab depositing an oxide material, "such as nagnesi um oxi
overlyln@HWhemtbstU?@H@owagﬁ@mwaimmmam,ﬁmﬂhrpakm5n4pmandu1hﬁow@@ommmut

ferronagnetl a y_conf or mab siting
el L R Al BT s et AR S AR o R S
516. As dgschbheate akgwelcmﬂt@sﬁeg@@ctot;wnpmtmegfotzuclormmhttmteent@tmét&oléat
preferably thinner than the first ferronagnetlc metal materi al 514, and the

t hi ckness of the dielectric material 516 is chosen such that a tunnel
current is capable of flow ng between tlte ferromagnetic nmetal materials
514, 518. [0041] After form ng the second ferromagnetic netal material 518,
fabrication of the ferromagnetic el ements 520, 522 may be conpl eted by
perform ng conventional photolithography steps to forman etch mask
overlylng the second ferronagnetlc netal naterial 518 t hat deflnes the

o e NN NN T o o o Y r



[ 0043] For the sake of brevity, conventional techniques related to
ferromagneti sm magnetic tunnel junctions, CMOS transistor fabrication
processes, and other functional aspects of the subject natter nmay not be

descri be%p&%ti@ﬁﬁ)@iiﬂ)rnr@r@} the Tollct QRLOI®, af gﬁ’y ﬁ%%‘itﬁ'@idﬁhf‘ﬁ%nsﬁﬁﬁwm hiy the
various figures contained heré&in are infended to represent exenplary

f unct i ondkeen elracd o’ ir pgthamddeo degphiysied athec cuptol ngsdiblet M8empitiae or asthawdse

el ements, and it should be noted .that. many alternati or additional .
FunctT ondrodrsat raHeR Baht engrsen bl o BR ety sreSilay e Whrdlam o g wise
practi cal om0 HemBRbutofrartsi@orS Uk 86t alld leBFrent TRAUSow Bt iQuoRe R b Wb RS TRY

depi ct one exenpl ary arrangenent of el enents, additional intervening

el emrent s nodesvi I8ed 19 Viedharestive eleownp biemdsthamytig farasametic pleamniehtdodieent
of the depj,cted subj , t 0044]. As used _herein, a »node" neans any
"nt er nal (SR ARl RAC Tho hikEin SRRES of Th et HREPEHCERG AR
l'ine, comneluhiy oledgenmides 108, 119¢ whicken tlat mwbiitide & ghy @bltgiedahs oli@Bi fode

| evel , voltage, data pattern, cunent, or quantity is present. Additionally,
certain tafa wouerspd hyyihaclectiye inwedanse oEile qwpuitipsoparlsss slastent df &pdirbe

9”' Y, a[‘(?s b HE?CCLE}{I ol n-aghgtngﬁgntd -ep[?onl Binhlte' A& laggld 1§f‘_e Aseﬁ{gﬁnbgd gﬁotv'é’ %he
second" "and ot her such”nunerical terns referring to structures do no

imply a seguengea@emenideds unlegded teand yuipndihcdd 40 byd tdeermbies extothdhgse
foregoi ng, descri.ption also refers to el.enents or nodes or features being

" connect Hpnties e gypeReata gl G, migncligdin fegfiop _Oldjﬁw <o layairleds Pysed it ed
ot her w Sgse vii@BASCHEditpBARR: 1402hnPME DY $IEMTics el iﬁﬁbh%ﬂﬂ %I{ﬂc[eﬁ)rtﬂ% o8ic
directly conmuni cates W th) anot her el enent, and not necéssarily

mechani calrtyit 162. Kevihis eggaudh| elsm thx poléagslay thetcatipd nodd &4 0hiseegatéraband takshokdans

that one_element is directly or_ i,ndirect joipned to (or directly or
i oot 19 R G e Sk DRt oS b rattist s fhy Gutpun
mechani ¢ &rlmagh8Gd8kmWh 11@ iain {hedsdh iR IMES MRIpAEY--@0H ekt BRAth i8Sy e Mies
presented in the foregoing detail ed description, it should be appreciated

that a vieeic fimbéhe deitdaipitivehs fexihstlogie ciretibldd Altgmatieclnpphadharvelachat
t he exe { gﬁ i or ¥p l.ent.s. ri ,g rein.are_not int ed
e, el oGNP 28 ORI OB SRS NS 5 L SRl SR,
matter i ideatificsnay othBatibedetethies dizegld BEpdefdionegnes clcinphi 0M W inl thpriewi de
those skilled in the art with a convenjent road map for inplenenting the
descr i bedeBe MaClsfl Entpigiongd theeby Weai lacise | upte gt ottat vaiae fBus
changes gan|fe !~]iﬁ<9f%t b, ¢ 'tér_ua{b%'tvblg& ﬁﬁdo&f)ﬁ@ﬁ‘&%ﬁ@\;ﬂ? 1ﬁ6‘,.tﬁé %ngt%lsm%ﬁlg'ol‘d)%
departing fromthe scope defined the cf ai ns, i ch’i ncludes known

equi val enbisinaribe flgitebedabl ealeqfirvat dogis catuit he2 fiometlefschiihg agatdensenpad@nt
appl i cat hiod! subsequently deactivates or turns off the output transistor 116 to prevent current flowing
through the output transistor 116 between reference voltage nodes 118, 119.

[0031] TFIG. 3 depicts an exemplary embodiment of a logic circuit 300 configured to
perform a majority function logical operation. The illustrated embodiment of the logic circuit
300 includes, without limitation, a plurality of input ferromagnetic elements 302, 304, 306, an
output ferromagnetic element 308, a plurality of input transistors 312, 314, 316, and an output
transistor 318. The elements of FIG. 3 are similar to counterpart elements described above in
the context of FIG. 1, and the description of these common elements will not be redundantly
repeated here in the context of FIG. 3. It should be understood that FIG. 3 is a simplified
representation of the majority function logic circuit 300 for purposes of explanation and ease
of description, and that practical embodiments may include other devices and components to
provide additional functions and features, and/or the logic circuit 300 may be part of a much

larger electronic system, as will be understood. Thus, although FIG. 3 depicts direct electrical
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CLAIMS What is clainmed is: I.Alogic circuit conprising: a first
ferromagnetic elenent having a first ferromagnetic |ayer; a second
ferromagnetic el enent haying a second ferronmagnetic |ayer; and

first tr g I
I e b S B S R e S 0

first femrtevagngtdrcuitlctments atdier ddimsnestyrwigie funofidiien ai ag;ubsimﬂglﬂgtsnmémi on

oot O et e heob] rSQmneLl £ L pYsty e moangLizalion i ecti o of

second f ghiURENRS hGfdiAY Bk majority function based on three inputs, the subject matter is not
intended to be limited to any particular number of inputs, and the logic circuit 300 may be
modified to perform the majority function based on any number of inputs.
[0032] In the illustrated embodiment, the ferromagnetic elements 302, 304, 306, 308 are
arranged such that their {free layers 322, 332, 342, 352 are coplanar to maximize magnetic
coupling between the {ree layers 322, 332, 342 of the input ferromagnetic elements 302, 304,
306 and the free layer 352 of the output ferromagnetic element 308, In this regard, the
magnetization direction of the free layer 352 of the output ferromagnetic element 308 is
influenced by the magnetization directions of the free layers 322, 332, 342 of the input
ferromagnetic elements 302, 304, 306 such that the magnetization direction of the free layer
352 of the output ferromagnetic element 308 reflects the majority of the digital input values
provided to the logic circuit 300, as described in greater detail below. As illustrated, the
output ferromagnetic element 308 is disposed between a pair of the input ferromagnetic
elements 304, 306, wherein the ferromagnetic elements 304, 306, 308 are spaced apart and
arranged with respect to each other such that the longitudinal axes of the input ferromagnetic
elements 304, 306 are collinear with the longitudinal axis of the output ferromagnetic element
308.  The other input ferromagnetic element 302 is spaced apart from the output
ferromagnetic element 308 and arranged with respect to the output ferromagnetic element 308
such that the longitudinal axis of the input ferromagnetic element 302 is substantially parallel
to the longitudinal axis of the output ferromagnetic element 308 and the lateral axis of the
input ferromagnetic element 302 1s collinear with the lateral axis of the output ferromagnetic
element 308, in a similar manner as described in the context of the ferromagnetic elements
110, 114 of FIG. 1. In the illustrated embodiment, the input ferromagnetic element 302 is
magnetized such that its pinned layer 320 has a permanent direction of magnetization 326
aligned with its longitudinal axis in the direction opposite (or antiparallel to) the
magnetization directions 336, 346, 356 of the remaining ferromagnetic clements 304, 306,
308.
[0033] In an exemplary embodiment, the each input ferromagnetic element 302, 304, 306 is
coupled io a corresponding input node 362, 364, 366 via a respective input transistor 312,
314, 316 in a similar manner as described above in the context of FIG. 1. In this regard, the

pinned layer 320 of the first element 302 is connected to the drain (or source) terminal of the
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2. The logic circuit of claim1, further conprising a second transistor
coupled to the second ferromagnetic el enent, wherein the second transistor
is configured to allow a second current to flow t hrough the second
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source (or drain terminal) of the second input transistor 314 is connected to a second input
node 364, and the pinned layer 340 of the third ferromagnetic element 306 is connecied to the
drain (or source) terminal of the third input transistor 316 and the source (or drain terminal) of
the third input transistor 316 is connected to a third input node 366. Each input node 362,
364, 366 is coupled to a respective input current arrangement, wherein the respective input
current arrangement is operated to provide an input current at the respective input node 362,
364, 366 that flows in the appropriate direction with respect to the ferromagnetic layers of the
respective input ferromagnetic element 302, 304, 306 to configure the respective input
ferromagnetic element 302, 304, 300 to reflect the magnetization state corresponding 1o a
respective digital input value for the logic circuit 300.
{0034] In a similar manner as described above in the context of FIGS. 1-2, the output
ferromagnetic element 308 effectively functions as a bistable resistive switching element
capable of exhibiting either a high impedance magnetization state or a low impedance
magnetization state based on the majority of digital input values provided to the input
ferromagnetic elements 302, 304, 306. For example, a logic ‘17 digital input value (e.g., a
current flowing from the pinned layer 320 to the free layer 322) provided to the first input
node 362 while input transistor 312 is turned on results in the magnetization direction of the
free layer 322 being in the same direction as the magnetization direction 326 of the pinned
layer 320. The fringing magnetic ficlds from the free layer 322 interact with the free layer
352 of the output ferromagnetic element 308 to cause the magnetization direction of the free
layer 352 to tend to flow in the opposite direction, that is, in the same direction as (or
magnetically parallel to) magnetization direction 356 and opposite (or antiparallel to)
magnetization direction 326. At the same time, a logic ‘1” digital input value provided to the
second input node 364 (e.g., a current flowing from the pinned layer 330 to the free layer 332)
while the second input transistor 314 is turned on results in the magnetization direction of the
free layer 332 being in the same direction as the magnetization direction 336 of the pinned
layer 330. The fringing magnetic ficlds from the free layer 332 interact with the free layer
352 of the output ferromagnetic element 308 to cause the magnetization direction of the free
layer 352 to tend to flow in the same direction, that is, in the same direction as (or
magnetically parallel to) magnetization directions 336, 356 and opposite (or magnetically

antiparallel to) magnetization direction 326. Conversely, a logic ‘0 digital input value (e.g., a
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a first insulating layer disposed between the first pinned |ayer and the
first ferromagnetic |ayer; and the second ferronagnetic el enent conprises:
a second pinned |ayer having a second fixed nmagnetization direction; and
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second f glabREBANSE UFe@ld@BMhe fidBdayer 352 to tend to flow in the direction opposite to (or
magnetically antiparallel to) magnetization directions 336, 356. In this manner, the fringing
fields from the free layer 332 reinforce the fringing fields from the free layer 322 when the
input ferromagnetic elements 302, 304 have the same magnetization state (e.g., when the
digital input values provided to the input nodes 362, 364 are the same), and the fringing fields
from the free layer 332 oppose the fringing fields from the free layer 322 when the input
ferromagnetic elements 302, 304 have the opposite magnetization state (e.g., when the digital
input values provided to the input nodes 362, 364 are different). Similarly, the fringing fields
from the free layer 342 of the third ferromagnetic element 306 reinforce the fringing fields of
the free layer 322 of the first element 302 and/or the free layer 332 of the second
ferromagnetic element 304 when the digital input value provided to the third input node 366
is the same as the digital input value provided to the first input node 362 and/or second input
node 364, and the fringing fields from the free layer 342 oppose the fringing fields of the free
layer 322 and/or the free layer 332 when the digital input value provided to the third input
node 366 is different from the digital input value provided to the first input node 362 and/or
second input node 364.
[0035] Thus, by virtue of the physical arrangement of the input ferromagnetic elements 302,
304, 306 and their respective pinned layer magnetization directions 326, 336, 346, when a
majority of the digital input values provided to the input nodes 362, 364, 366 correspond to a
logic ‘1°, the magnetization direction of the free layer 352 tends to flow in the same direction
as (or magnetically parallel to) the magnetization direction 356 of the pinned layer 350 of the
output ferromagnetic element 308. When the magnetization direction of the free layer 352 is
in the same direction as the magnetization direction 356 of the pinned layer 350, the output
ferromagnetic element 308 is in the low impedance magnetization state, and is thereby
indicative of a logic ‘1” reflecting the majority of the digital input values provided to the input
nodes 362, 364, 366 were logic “‘1°. Conversely, when a majority of the digital input values
provided to the input nodes 362, 364, 366 correspond to a logic “0°, the magnetization
direction of the free layer 352 tends to flow in the opposite direction as (or magnetically
antiparallel to) magnetization direction 356. When the magnetization direction of the frce
layer 352 is in the direction opposite the magnetization direction 356 of the pinned layer 350,

the output ferromagnetic element 308 is in the high impedance magnetization state, and is
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the longitudinal axis of the first ferromagnetic el ement and the
| ongi tudinal axis of the second ferromagnetic element are substantially
parall el . 6. The logic circuit of claimb5, wherein when a direction
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when logic ‘0’ digital input values are provided to the input nodes 362, 364, 366, the
magnetization direction of the free layer 322 is in the same direction as {or magnetically
parallel to) the magnetization direction 356 of the pinned layer 350 and the magnetization
directions of the free layers 332, 342 are in the opposite direction to (or magnetically parallel
to) the magnetization direction 356 of the pinned layer 350. The fringing magnetic fields
from the free layers 322, 332, 342 interact with the free layer 352 of the output ferromagnetic
element 308 to cause the magnetization dircction of the free layer 352 to be in the direction
opposite (or magnetically antiparallel to) the magnetization direction 356 of the pinned layer
350, resulting the output ferromagnetic element 308 being in the high impedance
magnetization state, and thereby indicating a logic ‘0" reflecting that the majority of the
digital input values provided to the input nodes 362, 364, 366 were logic ‘0°. As illustrated
by input combinations B through D, when logic ‘0’ digital input values are provided to two of
the input nodes 362, 364, 366, the magnetization directions of the free layers 322, 332, 342
interact with the free layer 352 of the outputl ferromagnetic element 308 to causc the
magnetization direction of the fiee layer 352 to be in the direction opposite (or magnetically
antiparalle] to) the magnetization direction 356 of the pinned layer 350, thereby indicating
that the majority of the digital input values provided to the input nodes 362, 364, 366 were
logic ‘0°. As illustrated by input combinations £ through H, once a majority of the digital
input values provided to the input nodes 362, 364, 366 correspond to a logic ‘1°, the
magnetization directions of the free layers 322, 332, 342 interact with the free layer 352 of the
output ferromagnetic element 308 to causc the magnetization direction of the free layer 352 to
be aligned in the same direction as (or magnetically parallel to) the magnetization direction
356 of the pinned layer 350, resulting the output ferromagnetic element 308 being in the low
impedance magnetization state, and thereby indicating a logic ‘1° reflecting that the majority
of the digital input values provided (o the input nodes 362, 364, 366 were logic ‘1°. In this
regard, the magnetization direction of the free layer 352 and/or impedance state of the output
ferromagnetic element 308 corresponds to the majority of the digital input values provided to

the input nodes 362, 364, 366.

17



the magnetization direction of the first ferromagnetic |ayer is equal to
the first fixed magnetization direction; and the magnetization
direction of the second ferromagnetic |ayer is opposite the second fixed
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corresponding to the digital input values. The control module may subsequently provide a

voltage to the gate terminal of the output transistor 318 to turn on the oulput transistor 318
and allow current to flow through the output ferromagnetic element 308. As described above,
a sensing arrangement may be utilized to determine the magnetization state of the output
ferromagnetic element 308 based on the voltage across the output ferromagnetic element 308
in response to current flowing through the output ferromagnetic element 308, and thereby
identify the digital output value for the majority function logical operation performed by the
logic circuit 300.

[0038] Referring now to FIG. 5, and with continued reference to FIGS. 1 and 3, fabrication
of the logic circuits 102, 300 described herein may be achieved by performing one or more
front end of line (FEOL) process steps to form the input/output transistors on a semiconductor
substrate prior to performing one or more back end of line (BEOL) process steps to form the
mput/ouiput ferromagnetic elements overlying the input/output transistors. In this regard,
physical embodiments of the subject matter described herein can be realized using existing
semiconductor fabrication techniques and computer-implemented design fools to generate
layout designs for the masks wutilized by a fabrication facility, such as a foundry or
semiconductor fabrication plant (or fab), to actually manufacture the devices, apparatus, and
systems described above. In practice, the layout design files used in this context can be stored
on, encoded on, or otherwise embodied by any suitable non-transitory computer readable
medium as computer-executable instructions or data stored thereon that, when executed by a
computer, processor, of the like, facilitate fabrication of the apparatus, systems, devices
and/or circuitry described herein.

[0039] For example, referring to FIG. 5, an input transistor structure 502 (e.g., input
transistor 112) and an output transistor structure 504 (e.g., output transistor 116) may be

formed on a semiconductor subsirate 506 in a conventional manner by performing well
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10. The logic circuit of claim1, further conprising a third ferromagnetic
el emrent having a third ferromagnetic |ayer; and a second transistor
coupled to the third ferromagneti c el enent, wherein: t he
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embodiment, fabrication of the logic circuit structure 500 continues by forming a conductive
material 512 overlying the interlayer dielectric layer 508. Tn this regard, the conductive
material 512 overlies and contacts the vias 510 such that the conductive material 512 is
electrically connected to terminal regions of the transistor structures 502, 504 corresponding
to the terminals of the transistor structures 502, 504 to be connected to ferromagnetic
clements 520, 522 (e.g., ferromagnetic clements 110, 114) that are subsequently formed
overlying the conductive material 512. For example, a layer of conductive metal material
may be conformably deposited overlying the interlayer dielectric layer 508, and portions of
the layer of conductive metal material may be removed while the conductive material 512
overlying the vias 510 connected to the appropriate terminal regions of the transistor
structures 302, 504 remain intact. For example, a first portion 513 of the conductive metal
material 512 overlies a via 510 that provides an electrical connection to the drain region 509
of the input transistor structure 502 (e.g., the drain terminal of the input transistor 112) and a
second portion 515 of the conductive metal material 512 overlies a via 510 that provides an
electrical connection to the drain region 511 of the output transistor structure 504 (e.g., the
drain terminal of the output transistor 116). The remaining portions 513, 515 of the
conductive material 512 may be designed to allow the subsequently formed ferromagnetic
elements 520, 522 to be spaced apart by a distance that is less than the minimum via-to-via
spacing while allowing the ferromagnetic elements 520, 522 to still be formed overlying and
electrically connected to their associated transistor structures 502, 504 to avoid increasing the
area footprint of the logic circuit structure 500. For example, as illustrated in FIG. 5, the
distance between the ferromagnetic elements 520, 522 is less than the distance between the
adjacent vias 510 that provide the electrical connections between the terminal regions 509,
511 and the ferromagnetic elements 520, 522.
[0040] After forming the conductive material 512, the fabrication process continues by
forming a layer of first ferromagnetic metal material 514 overlying the logic circuit structure
500. For example, a ferromagnetic metal material 514, such as iron, cobalt, nickel, or the

like, may be conformably deposited overlying conductive material 512,  The first
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the second current is indicative of a second digital input val ue;
the third transistor is configured to allowa third current to flow through
the fourth ferromagnetic elenent, the third current being indicative of a
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another ferromagnetic metal material overlying the layer of oxide material 516. As described
above, the second ferromagnetic metal material 518 is preferably thinner than the first
ferromagnetic metal material 514, and the thickness of the dielectric material 516 is chosen
such that a tunnel current is capable of flowing between the ferromagnetic metal materials
514, 518.
[0041] Afier forming the second ferromagnetic metal material 518, fabrication of the
ferromagnetic elements 520, 522 may be completed by performing conventional
photolithography steps to form an etch mask overlying the second ferromagnetic metal
material 518 that defines the ferromagnetic elements 520, 522, and etching the layers of
ferromagnetic metal material 514, 518 and dielectric material 516 until reaching the inferlayer
dielectric layer 508 and/or conductive material 512 using the etch mask to form ferromagnetic
elements 520, 522 (e.g., ferromagnetic elements 110, 114) arranged with respect to each other
in the manner described above in the context of FIG. 1. In this regard, (he magnetization
direction of the second {erromagnetic metal material 518 of the input ferromagnetic element
520 (e.g., free layer 122 of input ferromagnetic element 110) influences the magnetization
direction of the second ferromagnetic metal material 518 of the output ferromagnetic element
522 (e.g., free layer 132 of output ferromagnetic element 114). As described above, the
pinned layers of the ferromagnetic clements 520, 522 (e.g., first ferromagnetic material 514)
are electrically connected to the appropriate terminal regions 509, 511 of the transistor
structures 502, 504 by vias 510 and conductive material 512, such that a current flowing
through the inpui transistor structure 502 creates a tunnel cwirent that influences the
magnetization direction of the second ferromagnetic material 518 of the input ferromagnetic

element 520 (which influences the magnetization direction of the second ferromagnetic
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determ ning the magnetization direction of the output ferromagnetic el enent

I n response to the output current; and determ ning a digital output
value for the logic circuit based on the nagnetization di rect [ on of the
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capable of maintaining its magnetization direction without power. Accordingly, because the
logic circuits described herein do not need to be supplied with constant electrical power (or
current), the logic circuits may be utilized to achieve reduced power (or current) consumption
(e.g., by eliminating the need for standby power to maintain data), and thereby improved cost
and/or efficiency. Additionally, by integrating logic functions with nonvolatile data storage,
faster system speeds may be achieved for some applications because previously computed
data can be maintained and rcused, rather than having to repeat the processes of retrieving and
computing the necessary data. At the same time, the logic circuits are compatible with
existing CMOS devices and fabrication of the logic circuits may be intcgrated with existing
CMOS fabrication processes. In this manner, nonvolatile logic gates can be implemented in
CMOS architectures, and may allow for reduced power consumption and faster system speed
through optimal integration of logic and memory functions. Additionally, as described above,
the area footprint for the input/output ferromagnetic elements may be less than the area
footprint for the input/output transistors, thereby allowing the logic circuits to be implemented
without an area penalty relative to CMOS logic circuit alternatives. In this regard, device
density (or information density) may be improved using an integrated fabrication process to
fabricate ferromagnetic elements for the nonvolatile logic circuits within the area footprint of
the input/output transistors.

[0043] For the sake of brevity, conventional techniques related to ferromagnetism, magnetic
tunnel junctions, CMOS transistor fabrication processes, and other functional aspects of the

subject matter may not be described in detail herein. Furthermore, the connecting lines shown
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16. The nmethod of claim 13, wherein determ ning the nmagnetization direction

conpri ses: obt ai ning a vol tage across the output ferronmagnetic
el ement in response to the output current; and determ ning the
magnet i zgf i1p0 AHHEE t AResPESRANAD Helgn ViRt G ﬁd&??@%‘ b8 %QEl@\Hfal'y functional
ferromagnetic el enent. 17. The method of claim 16, erein
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vol tage. features, or components may be present in an embodiment of the depicted subject matter.
[0044] As used herein, a “node” means any internal or external reference point, connection
point, junction, signal line, conductive element, or the like, at which a given signal, logic
level, voltage, data pattern, current, or quantity is present. Additionally, certain terminology
may also be used herein for the purpose of reference only, and thus is not intended to be
limiting, and the terms “first”, “second™ and other such numerical terms referring to structures
do not imply a sequence or order unless clearly indicated by the context. The foregoing
description also refers to clements or nodes or features being “connected” or “coupled”
together. As used herein, unless expressly stated otherwise, “connected” means that one
element is directly joined to (or directly communicales with) another element, and not
necessarily mechanically. Likewise, unless expressly stated otherwise, “coupled” means that
one element is directly or indirectly joined to (or directly or indirectly communicates with)
another element, and not necessarily mechanically.
[0045] While at least one exemplary embodiment has been presented in the foregoing
detailed description, it should be appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or embodiments described herein are not
intended to limit the scope, applicability, or configuration of the claimed subject matter in any
way. Rather, the foregoing detailed description will provide those skilled in the art with a
convenient road map for implementing the described embodiment or embodiments. It should
be understood that various changes can be made in the function and arrangement of elements
without departing from the scope defined by the claims, which includes known equivalents

and foreseeable equivalents at the time of filing this patent application.
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What is claimed is:

1. A logic circuit comprising: a first ferromagnetic element having a first ferromagnetic layer; a
second ferromagnetic element having a second ferromagnetic layer; and a first transistor coupled
to the first ferromagnetic element, wherein the first transistor is configured to allow a first
current to flow through the first ferromagnetic element, the first current influencing a
magnetization direction of the first ferromagnetic layer, the magnetization direction of the first
ferromagnetic layer influencing a magnetization direction of the second ferromagnetic layer.

2. The logic circuit of claim 1, further comprising a second transistor coupled to the second
ferromagnetic element, wherein the second transistor is configured to allow a second cutrent to
flow through the second ferromagnetic element.

3. The logic circuit of claim 2, wherein a magnitude of the second current is influenced by the
magnetization direction of the second ferromagnetic layer.

4. The logic circuit of claim 1, wherein: the first ferromagnetic element comprises: a first pinned
layer having a first fixed magnetization direction; and a first insulating layer disposed between
the first pinned layer and the first ferromagnetic layer; and the second ferromagnetic element
comprises: a second pinned layer having a second fixed magnetization direction; and a second
insulating layer disposed between the second pinned layer and the second ferromagnetic layer.

5. The logic circuit of claim 4, wherein: the first fixed magnetization direction is aligned with a
longitudinal axis of the first ferromagnetic element; the second fixed magnetization direction is
aligned with a longitudinal axis of the second ferromagnetic element; and the longitudinal axis of
the first ferromagnetic element and the longitudinal axis of the second ferromagnetic element are
substantially parallel.

6. The logic circuit of claim 5, wherein when a direction of the first current results in the first
current flowing from the first ferromagnetic layer to the first pinned layer: the magnetization
direction of the first ferromagnetic layer is opposite the first fixed magnetization direction; and
the magnetization direction of the second ferromagnetic layer is equal to the second fixed
magnetization direction in response to the magnetization direction of the first ferromagnetic layer
being opposite the first fixed magnetization direction.

7. The logic circuit of claim 5, wherein when a direction of the first current results in the first
current Hlowing to the first ferromagnetic layer from the first pinned layer: the magnetization
direction of the first ferromagnetic layer is equal to the first fixed magnetization direction; and
the magnetization direction of the second ferromagnetic layer is opposite the second fixed
magnetization direction in response to the magnetization direction of the first ferromagnetic layer
being equal to the first fixed magnetization direction.

8. The logic circuit of claim 4, wherein: the magnetization direction of the first ferromagnetic
layer is opposite the first fixed magnetization direction in response to the first current flowing
from the first ferromagnetic layer to the first pinned layer; and the magnetization direction of the
tirst ferromagnetic layer is equal to the first fixed magnetization direction in response to the first
current flowing to the first ferromagnetic layer from the first pinned layer.
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9. The logic circuit of claim 8, further comprising a second transistor coupled to the second
ferromagnetic element, the second transistor being configured to allow a second current to flow
through the second ferromagnetic element, wherein a magnitude of the second current is
influenced by the magnetization direction of the second ferromagnetic layer.

10. The logic circuit of claim 1, further comprising a third ferromagnetic element having a third
ferromagnetic layer; and a second transistor coupled to the third ferromagnetic element, wherein:
the second transistor is configured to allow a second current to flow through the third
ferromagnetic element, the second current influencing a magnetization direction of the third
ferromagnetic layer; and the magnetization direction of the second ferromagnetic layer is
influenced by the magnetization direction of the first ferromagnetic layer and the third
ferromagnetic layer.

11. The logic circuit of claim 10, further comprising: a fourth ferromagnetic element having a
fourth ferromagnetic layer; and a third transistor coupled to the fourth ferromagnetic element,
wherein: the first current is indicative of a first digital input value; the second current is
indicative of a second digital input value; the third transistor is configured to allow a third
current to flow through the fourth ferromagnetic element, the third current being indicative of a
third digital input value and influencing a magnetization direction of the fourth ferromagnetic
layer; and the magnetization direction of the second ferromagnetic layer is indicative of a
majority of the first digital input value, the second digital input value, and the third digital input
value.

12. The logic circuit of claim 1, further comprising a sensing arrangement configured to identify
a digital output value based on the magnetization direction of the second ferromagnetic layer.

13. A method for operating a logic circuit including an input ferromagnetic element and an
output ferromagnetic element having a magnetization direction influenced by a magnetization
direction of the input ferromagnetic element, the method comprising: activating an input
transistor coupled to the input ferromagnetic element to allow an input current to flow through
the input ferromagnetic element, the input current influencing the magnetization direction of the
input ferromagnetic element; activating an output transistor coupled to the output ferromagnetic
element to allow an output current to flow through the output ferromagnetic element, wherein a
magnitude of the output current is influenced by the magnetization direction of the output
ferromagnetic element; and determining the magnetization direction of the output ferromagnetic
element in response to the output current; and determining a digital output value for the logic
circuit based on the magnetization direction of the output ferromagnetic element.

14. The method of claim 13, further comprising operating an input current arrangement coupled
to the input transistor to provide the input current in a direction corresponding to a digital input
value.

15. The method of claim 14, the input ferromagnetic element including a first pinned layer and a
first free layer and the output ferromagnetic element including a second pinned layer and a
second free layer, a magnetization direction of the second free layer being influenced by a
magnetization direction of the first free layer, wherein operating the input current arrangement
comprises: operating the input current arrangement to provide the input current flowing from the
first free layer fo the first pinned layer in response to the digital input value corresponding to a
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first digital value, the input current flowing from the first free layer to the first pinned layer
resulting in the magnetization direction of the first free layer being opposite a magnetization
direction of the first pinned layer; and operating the input current arrangement to provide the
input current flowing to the first free layer from the first pinned layer in response to the digital
input value corresponding to a second digital value, the input current flowing to the first free
layer from the first pinned layer resulting in the magnetization direction of the first free layer
being equal to a magnetization direction of the first pinned layer.

16. The method of claim 13, wherein determining the magnetization direction comprises:
obtaining a voltage across the output ferromagnetic element in response to the output current;
and determining the magnetization direction based on the voltage across the output
ferromagnetic element.

17. The method of claim 16, wherein determining the magnetization direction based on the
voltage across the output ferromagnetic element comprises: identifying a first digital value as the
digital output value when the voltage across the output ferromagnetic element is greater than a
threshold voltage; and identifying a second digital value as the digital output value when the
voltage across the output ferromagnetic element is less than the threshold voltage.

18. A method for fabricating a logic circuit, the method comprising: forming a first
ferromagnetic element having a first ferromagnetic layer; forming a second ferromagnetic
element having a second ferromagnetic layer, wherein the second ferromagnetic element is
arranged with respect to the first ferromagnetic element such that a magnetization direction of
the first ferromagnetic layer influences a magnetization direction of the second ferromagnetic
layer; forming a first transistor coupled to the first ferromagnetic element, wherein the first
transistor is configured to allow a first current to flow through the first ferromagnetic element,
the first current influencing the magnetization direction of the first ferromagnetic layer; and
forming a second transistor coupled to the second ferromagnetic element, wherein the second
transistor is configured to allow a second current to flow through the second ferromagnetic
element.

19. The method of claim 18, wherein forming the first ferromagnetic element comprises forming
the first ferromagnetic element overlying the first transistor,

20. The method of claim 19, further comprising: forming a layer of dielectric material overlying
the first transistor; and forming a via in the layer of diclectric material, the via overlying a
terminal region of the first transistor, wherein forming the first ferromagnetic element comprises:
forming a third ferromagnetic layer overlying the layer of dielectric material, the third
ferromagnetic layer being electrically connected to the via; forming an insulating layer overlying
the third ferromagnetic layer; and forming the first ferromagnetic layer overlying the insulating
layer, wherein the first current flows between the third ferromagnetic layer and the first
ferromagnetic layer.

21. A logic circuit fabricated in accordance with any one of the claims 18-20.
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