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MAGNETORESISTIVE SENSOR MEMORY WITH MULTIFERROIC
MATERIAL FIELD OF THE INVENTION 5 The present invention relates
generally to data memory, and more particularly but not by limitation to
non-volatile data memory. BACKGROUND OF THE INVENTION Existing
solid state non-volatile memory devices such as MRAM, flash 10
memory, spin RAM have limited size (in comparison with disc drives) and

have practical performance limits in terms of long term non-volatility or in

terms of memoM AN B RIshHdd N b Wit MEX@ RYparticular is
the difficulty of writWJ1HbMUSEEHRER R@hoM AJIER BAdross point
without unduly exposing other memory cells in the same row or column

as the selected memory etic field to cause a

stray write, in other Worﬁﬁﬁr#}mﬁgmﬁts are needed in the

ab"'tﬂ{é’ wiadara Aelesigsmesnas c@éﬂ@mﬁym%ntamgrh@m@ﬂ?emd more

margins for other memory cells on the same row or same column’as the
paséedesty rheiiary rlinvdabas depedtsolatitestatentdnvaition provide

solutions to these and 20 other problems, and offer other advantages

over the prior art. SUMMARY OF THE INVENTION Described below are

aspects of an arrayBX QiCGROTERIIS.OR & HiFaNOf BNETON cells
comprises at least row write conductors. Each memory cell 25 comprises

a magreisresicirk S&iednemay kil seeme <IRECHtie adtetBody, flash
md2iRg grieaf MNevabdheeangly esistve SeRSBheRAGLAR AdRRMs) and have

current representative of data stored in the memory cell. During a write
practérehiperformanoerdémnitsiies tdanasirfhengatpreoregisivbsiditgopr An terms of

mellex?qsézosr,}%eqf e L[%Xﬁlﬁfgi)g}? icd avﬂ%'ﬂ%ﬁ%%%}lle}gggtri@ﬁgroifs the difficulty of
multierroic material. -Z-
writing to one selected memory cell at a cross point without unduly exposing
other memory cells in the same row or column as the selected memory cell to
enough stray magnetic field to cause a stray write, in other words, a write error.
Improvements are needed in the ability to write to a selected memory cell
while maintaining high noise margins for other memory cells on the same row or
same column as the selected memory cell.

Various aspects of the present invention provide solutions to these and

other problems, and offer other advantages over the prior art.

SUMMARY OF THE INVENTION
Described below are aspects of an array of memory cells. The array of
memory cells comprises at least row write conductors. Each memory cell
comprises a magnetoresistive sensor that comprises layers that include a free
layer. During a read interval, the magnetoresistive sensor conducts a read current
representative of data stored in the memory cell. During a write interval, a write
current writes data in the magnetoresistive sensor. At least one of the layers

comprises a multiferroic layer formed of multiferroic material.
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According to one aspect, the multiferroic material receives a modulation
potential that modulates magnetic anisotropy of the multiferroic material.
According to another aspect, the modulation provides a relatively lower
magnetic anisotropy during a write interval and a relatively higher
magnetic anisotropy 5 during a read injerval. According to yet another
aspect, a free layer in the magnetoresistive sensor comprises the
multiferroic material. Other features and benefits that characterize aspects

of thé qrestinig ihventio aspmcmthppandmﬁapoﬁcrea@ﬁﬂgatheeﬁmmam@ modulation

% gnggiﬁorﬁlg@g reVIeW g’ielﬁr“s@s%c?&edpg ?% %BuJ[QfBr%%c material.

AcRSPERIS e aribshen ldyfﬁﬁplﬂq@ﬁdﬁ[nlaeﬁﬁs@rma@m (MERAM) iRt dhagnetic
memory cells. FIGS. 2A, 2B, 2C, 2D illustrate aspects of a second

NS QAT OFFARG GhWTE & dBESY Metnen (MEHIARLY drighs magmsijcamdsotropy
dutHED: £1R3a3 HRNRIGS %S&%?ﬁﬁﬁgatﬂrilép%m{ﬂ eﬁéﬁ@&ﬂ”%luﬂ%% layer in the

muftiferroic material. FIG. 4 | ates aspectso a second memory
mapaetnchsdedmseiferraionpatersalh @ OnfellE f G s tratesiaspects of a third

cell that includes multiferroi terial. FIGS. 6A, 6B, 6C illustrate
e Ot SRR DB TR RGO e S R P AR e e Present
inveaigsianah BER PESGRIBAADY @l HdHdwARA i Aled description and

EMBODIMENTS According to one aspect, an array of memory cells
re\igiptdbs asnoniate dcdrnitigts and column conductors that cross. The
row conductors cross the column conductors at cross points. Memory

cells are located between the row and
BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, 1C, 1D illustrate aspects of a first multiferroic random access
memory (MFRAM) array of memory cells.

FIGS. 2A, 2B, 2C, 2D illustrate aspects of a second multiferroic random
access memory (MFRAM) array of memory cells such.

FIG. 3 illustrates aspects of a first memory cell that includes multiferroic
material.

FIG. 4 illustrates aspects of a second memory cell that includes multiferroic
material.

FIG. 5 illustrates aspects of a third memory cell that includes multiferroic
material.

FIGS. 6A, 6B, 6C illustrate aspects of stacks of layers in memory cells that

include multiferroic material.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
According to one aspect, an array of memory cells comprises row write
conductors and column conductors that cross. The row conductors cross the
column conductors at cross points. Memory cells are located between the row and

column conductors at the cross points. Individual memory cells are addressable at
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column conductors at the cross points. Individual memory cells are

addressable at -3- the cross points. Each memory cell comprises a
magnetoresistive sensor that includes a layer of multiferroic material. The
multiferroic material receives a modulation potential that modulates the
magnetic anisotropy of the multiferroicy material. The modulation provides

a lower magnetic anisotropy during a write 5 interval. In another aspect,
magnetic anisotropy can also be increased during a read interval. In yet

theotser pspest, Bafrbe nagmory tivellnagmgtoisesistiversgnstorasostipgsesrtsier that

- tiferroj terial. As.used.in thi lication, the. "multiferroi .
incRlERAr F1eks 2 HLET AT AT NG B BrodBLBLBIG g e el receives a

mdeiRmagnsdentRnatiasnidtipgtied e dsiRieshaicondibiedPite multiferroic
materials in which the amplitude of an applied electric field changes the

mategiitdde FPQIaPRSiRAgREFEIARS pR Y WAL BIRGREES RIS Qb aPfayliéRg a write
: iferroi i haye. | ' 0 :

e R TR L ROAALE qurg o
readuitifersait ayetiaindtiemadifertoic matdasibcan Bbanclagedtorenistive sensor

more free layers of a 15 magnetoresistive sensor, or in other layers of the
CO%&R%%&T&MB%@E%H‘%E@ e of multiferroic material in a layer of a

magpagteIgsistiMerseN s AllowS R RIneHs Pranaibsebibenryerill beefers to a

changed by changing a voltage. The magnetic material property can, for

madg tb,atahés_oh%hemﬁgﬁl_ﬁfd@'@ﬁaﬁe@mﬁmagngtx \mfav%it@s/a_@érmaaticular
intg'rfér‘ﬁ{ eeﬁ%mrﬁﬁ]ﬂﬁ%%?{ direclion.ouring,a freaointerval, 20 A3 é{ﬁegg'ﬁﬁgéf electric

pplication, the term "magnetoresistive sensor" refers to magne
fiektebarspgudhasitagnitlidacionsespimugivesc anisediopicA voltage applied to a
magnetoresistive (AMR) _sinsor , extraordinary Hall effect sensors an

d
layiele e WESE R SRR HAp fRRiBAY hitamPitnde madtierb fergyycylate the
ma%ﬁ%lﬁ@fafﬁé’@fﬁ)wt@lclﬁg%s ¢ PAIBOreEBRdBLCRAREANORMRC G ultiferroic

layers included in” 25 the design such as, but not limited to, magnetic
madsrrsihgThyersidinteyaidenidger. can be included in one or more free layers of a

magnetoresistive sensor, or in other layers of the magnetoresistive sensor. The use
of multiferroic material in a layer of a magnetoresistive sensor allows a magnetic
property of the layer to be changed by changing a voltage. The magnetic material
property can, for example, take on one magnitude or direction during a write
interval and a different magnitude or direction during a read interval.

As used in this application, the term “magnetoresistive sensor” refers to
magnetic sensors such as tunnel junctions, spin valves, anisotropic
magnetoresistive (AMR) sensors, extraordinary Hall effect sensors and the like.

As used in this application, the term “tunnel junction” refers to a stack of
layers that includes one or more free layers and any adjacent layers included in
the design such as, but not limited to, magnetic biasing layers and barrier layers.

In addition, tunnel junctions may include additional layers that include but
are not limited to seed layers that facilitate application of other layers and
multilayer synthetic antiferromagnetic (SAF) layers. A SAF typically includes a

ferromagnetic layer (such as a reference layer), a spacer layer, a second
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In addition, tunnel junctions may include additional layers that include but

are not limited to seed layers that facilitate application of other layers and

multilayer synthetic antiferromagnetic (SAF) layers. A SAF typically

includes a ferromagnetic layer (such as a reference layer), a spacer layer,

a second -4- ferromagnetic layer (suchas a pinned layer) and an optional

pinning layer. A SAF includes two ferromagnetic layers separated by a

nonmagnetic spacer layer such that the two ferromagnetic layers are
feraptifegetiadaptcéyctoamieditteddagangthod raspisethinpinising layer. A SAF

. lication, "free layer" refers to a layer that comprises a_magnetic

i T RS O FE AT SERBIRS: W Pl B TEs Uasr s laver such

thaeflyencevef darappliechmagnelisdielseAaapieshnagieeiialiicideupngiato one
WRITE operation, for example, reverses the magnetic moment of a free

anpdPsF: The reversal of the magnetic moment induces a change of

eIecg&igaﬂgg&i aﬂfig 9119&9? mﬁg{)etﬁeé‘q_a?feqsotrefb‘%%eg 19 QIILSthat comprises a

application, "bias layet™refers to an optional Iaye?t at provides a
mapgaghetindielddhatishift hoagoeatestamiditiel thag hkat isomddion vitatdreader the

. layer. A variety of bias arrangements can be used such as hard biasing

iR RGeSy o AR LSSl (kTS UGG 2 WRITE

opbARBHPRIE daRipHNge tiakbstReth RiARING ARG A PHeaesk\ay e Qbversal
other known magnetic biasing techniques. As used in this application,

of theramgagte mosrsnd MAvaevadlNge fclegiticplagiiatnadsigh the magnetic
se rgg'stance barrier to flow of electrical current between adjacent
I?errc')magnetic layers. A barrier layer is sufficiently thin that quantum 20
mechanicalduitneliitg Qfshertercafivas doper’s befaveeao the agidoant layer that
ferromagnetic layers. The tunneling process is spin d%]réendent ‘which

PTOWddAS dHaR B HGrieish P P BB SroBetRies aRcii dleBirsae bR taadition of a
freePIRHEPENAR ety of bias arrangements can be used such as hard biasing

(permanent magnets), shunt biasing, soft adjacent layer (SAL) biasing, barber pole
biasing, dual striped biasing, pinning and pinned layers, or other known
magnetic biasing techniques.

As used in this application, “barrier layer” refers to a nonconductive layer
that provides a high resistance barrier to flow of electrical current between
adjacent ferromagnetic layers. A barrier layer is sufficiently thin that quantum
mechanical tunneling of charge carriers occurs between the adjacent
ferromagnetic layers. The tunneling process is spin dependent, which means that
the tunneling current across the junction depends on the spin-dependent
electronic properties of the adjacent ferromagnetic layers and is a function of the
relative orientation of the magnetization directions of the two adjacent
ferromagnetic layers.

FIGS. 1A, 1B, 1C, 1D illustrate aspects of a first multiferroic random access
memory (MFRAM) array of memory cells 100 such as a representative memory
cell 102. FIG. 1A illustrates a top view of the array of the memory cells 100. FIG.

1B illustrates a front cross-sectional view (along section line 1B - 1B in FIG. 1A) of
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electronic properties of the adjacent ferromagnetic layers and is a function

of the relative orientation of the magnetization directions of the two

adjacent 25 ferromagnetic layers. FIGS. 1A, 1B, 1C, 1D illustrate aspects

of a first multiferroic random access memory (MFRAM) array of memory

cells 100 such as a representative megiory cell 102. FIG. 1A illustrates a

top view of the array of the memory cells 100. FIG. 1B illustrates a front

cross-sectional view (along section line 1B - 1B in FIG. 1A) of -5- the array
thefatreynemohy cellgiog. Eills 100 uEifatet@ silmptifibesetectimoplified electrical

schematic of connections from memory c II1 92 to external drivin andCl .
schiInaiy Ogiﬁ:%ri‘t%evcv‘ﬁ%‘ﬁst e MemsH) ¢ adleesdy? I.Vié anc sensing
cirtlustrateranibdligieen yoved theomeranresbdOZId is| ndersteardhat oblique

the array of the memory cells 5 100, while illustrated with 16 memory

viewgiRf HisicannriuerRlt HsJéHsargeeranngdhat fenisrpealisthe gemory cells
108ndatfteed, bk ibg MeMmeTy Gﬁibﬂrﬁ?rmgﬁ cE%reafg‘b iéz HALRELNE much Targer

memory cells in the array of the memory cells scriptions of
nufediiresfofiemmeynamyilsell [t02salsodpphotal otttert mdmomaeitsyindB 102 is
array of memary cells 100. 10 In FIG. 1A, write conductors 104, 106, 108
re RSB B P LHIE GPEBRE St e ATEY er iy BEPEells 100
De¥épigtrandueteradAs, dilthd AonkdBaFel anangss &Fﬁmﬁﬁm #nemory cells
e

_second opposite side of the array 100 of memory cells. The array of
in themgiRy celiieomepekstiOa rectangular array of memory cells in rows

and %g%ﬁ'&?‘%ﬂ,%g”?@ r%‘%{é{&c‘%'(')%s]{)&ﬁ‘i@]éeﬁ%’,aﬁﬁ 1M QAL ANPIEIDYs on one

row 15 spaces’and column spaces (such as a'row space 120°and a

sideobfirthspaceyl 32)nenene astisctObWsiacesaddtolsnnBpabgslds 118 are
filled with electrical insulation material (not illustrated) such as alumina.

arrpRg A\ HABERH AR QI SRAPRPLIRRASIL SRRt Widavtd Wavfidgemory cells.
ThadGakRErEIgCHGR) FRHIMABINESH SR ReMRERI N &M M Yie@lSry cells in

rows and columns. The memory cells 100 are separated from one another by row
spaces and column spaces (such as a row space 120 and a column space 122). In
one aspect, row spaces and column spaces are filled with electrical insulation
material (not illustrated) such as alumina. The row spaces and column spaces are
sufficiently wide to provide adequate electrical and magnetic isolation between
the memory cells.

As illustrated in FIGS. 1A, 1B, 1C, 1D, memory cell 102 includes a
magnetoresistive sensor 124. The magnetoresistive sensor 124 includes a
multiferroic (MF) element 125 (FIGS. 1C, 1D). The magnetoresistive sensor 124 is
electrically connected to write conductors 110, 112 that cross one another at cell
102. The write conductors 110, 112 provide electrical connections (contact layers)
to the magnetoresistive sensor 124. During a read time interval, a read current 134
flows through the magnetoresistive sensor 124. During a write time interval, the
write conductors 110, 112 carry write currents along their lengths that provide
magnetic fields (such as magnetic fields 127, 130 illustrated in FIG. 1D) to the

magnetoresistive sensor 124. During the write time interval, the conductors 110,
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20 As illustrated in FIGS. 1A, 1B, 1C, 1D, memory cell 102 includes a
magnetoresistive sensor 124. The magnetoresistive sensor 124 includes a
multiferroic (MF) element 125 (FIGS. 1C, 1D). The magnetoresistive
sensor 124 is electrically connected to write conductors 110, 112 that
cross one another at cell 102. The write conductors 110, 112 provide
electrical connections (contact layers) 25 to the magnetoresistive sensor
124. During a read time interval, a read current 134 flows through the

112l gngtoresistivevséiespeteiaD(Yihg Vo Wiitehemesigitetval sinE vevseasor 124. The

conductors 110, 112 carry write currents along their Jengths that provide

v R A e e R O s i A A R 25
the Taongloesisivdeaasiedsed funngting Biitedigiadnianaleditents 126, 128
conductors 110, -6- 112 also provide a write potential (V+, V-:E to the

thrpaghdls ssritn s dadusiors 4 19n 13 Hhe tyaessitl ihsoeriid S4nenddgnemplying
th@%ﬂ%%%%ﬂb? mﬂlt,if%tfic%'@{Srrﬁggnéft%?ﬁ%?éh%% R0 4pe1389785564 {%een in

writing by passing write currents 126,128 through the write conductors
FIG10D1 tRethatiteoss et d 2@ fld0Angnad dyygatbe ywngteSdedudterpbi@rgiaherates a

(V+, V-) to the magnetoresistive sensor 124. As best nin FIG. 1D, the )
QGRS 198 ABUIRG Glongs (M P 6 URIET 1 D o Qag aalong. write
comRASHCTiIR)d SOMRPARENL1 2 adhE W IR fliMeNnboR SRWING0RIaRGHE to the

conductor 110 generates a magnetic field component 130. Internal to the _
magRgHERssttieBepsdR42at at serusresdntiatt enfrerabllasedien 1382, magnetic

. maanetic 1o field ents 127. 130. ar roximately transverse to
fie ot o i oo AR G TR afther as
illusrattdOiadd@etridhy ahagtenialflokbiiompdéa fsro2igd 0nad dnagrwetitally at

field 133 that is larger than either magnetic field component 127 or

intgraghdecafiel ompbREAYICSa mies . mesttisntisidatiy kel ddetaer dhameither
mAHBECAiHE LM SHER QDT i h B AREI NEGPIURUR: WEE current 126

when cell 102 is selected for writing. FIG. 1C schematically illustrates the
circufl pati{ ofchemetidadlirrdhistertestiba cefiuiopaths of the (row) write current

128 and the (column) write current 126 when cell 102 is selected for writing. FIG.
1C schematically illustrates the circuit path of the read current 134 when cell 102
is selected for reading. Current source 136 provides the row write current 128.
Current source 138 provides the column write current 126. Potential source 140
provides both the read current 134 and the write potential (V+, V-). The cell 102 is
selected (addressed) for read or write access by the use of solid state switches (not
illustrated in FIG. 1C) to select the row and column conductors 110, 112 that cross
in the cell 102.

FIGS. 2A, 2B, 2C, 2D illustrate aspects of a second multiferroic random
access memory (MFRAM) array 200 of memory cells such as a representative
memory cell 202. FIG. 2A illustrates a top view of the array of the memory cells
200. FIG. 2B illustrates a front cross-sectional view (along section line 2B - 2B in
FIG. 2A) of the array of the memory cells 200. FIG. 2C illustrates a simplified
electrical schematic of connections from representative memory cell 202 to

external driving and sensing circuits. FIG. 2D illustrates an oblique view of the
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is selected for reading. Current source 136 provides the row write current

128. Current source 138 provides the column write current 126. Potential
source 140 provides both the read current 134 and the write potential

(V+, V-). The cell 102 is 20 selected (addressed) for read or write access

by the use of solid state switches (not -llustrated in FIG. 1C) to select the

row and column conductors 110, 112 that cross in the cell 102. FIGS. 2A,

2B, 2C, 2D illustrate aspects of a second multiferroic random access

manemprgali Z62ANS israydotswfadethatytbellsisayh efs mespreserahv20R5while

..,.memory ce . FIG. 2A illustrates a top view of the array of the, memor
IR S R s SN S8 R SRS AP GGl SR memory
celliie1?Bs- @Rderdrdiod 2Aheftthe arsayoe thelmemory eeisedfftdtite 3€ all of the

illustrates a simplified electrical schematic of connections from

megeraseirtitivi ntbmairael domemesterfitrfily Rsacsipidnng crdlegtures of
. N - o0
mf&%ﬁsg(%%ﬁafg@y}% X{EH%MOZQIO%I’QV{?@% t?l% s%%%g lVoks_memory cells

und of memory cells d with 16
20memory cells, typically has a much larger number of memory cells. It is

unders that the memory, cell 202 is representatjye of all of the .

e Al i 2 O o B i R s o
oné SEMI YRl 2QY alse eriiteathonmemary esHirib@ 21yl 216, 218 are

memory cells 200. In FIGS. 2A, write conductors 204, 206, 208, 210 are

arrangrgen kPIWE6PTOAS B GOPREIA s siRirioryaEEs 200 ofvaemory cells.
Th%%r%?tgrfs. Ak 0%%%&%%%8%{%1‘%%2‘”@?gﬁlrgr}c_:%’l b a;‘(vyao.ﬁ‘%ﬁ%%r cells in

opposite side of the array emory cells. e array of memor
rowslisneDoctompeisEheaeaiengutatlarzay afanepated!fsom wwsaadher by row

columns. The memory cells 200 are separated from one another by row

SPfscaRch A EAN TR G RICEU EALRR Y SRASSate B Rl N RS ae?) - In one
aspedt) tBWPEEaASPESH FOYARACHS QI RO SPARCS &&illlethWiftion material

electrical insulation material
(not illustrated) such as alumina. The row spaces and column spaces are

sufficiently wide to provide adequate electrical and magnetic isolation between
the memory cells. The row and column spaces are also used for an array of row
and column read conductors (not illustrated in FIGS. 2A, 2B, 2D).

As illustrated in FIGS. 2A, 2B, 2C, 2D, each of the cells (such as cell 202)
includes a magnetoresistive sensor 224. The magnetoresistive sensor 224 includes
a multiferroic element 225. The magnetoresistive sensor 224 is electrically
connected to write conductors 210, 212 that cross one another at cell 202. The
write conductors 210, 212 provide electrical connections (contact layers) to the
magnetoresistive sensor 224 for conducting a write current 228 through the
magnetoresistive sensor 224. The write conductors 210, 212 carry the write current
228 to the magnetoresistive sensor 224. The write current 228 flows through the
magnetoresistive sensor 224 to provide a magnetic field 230 internal to the
magnetoresistive sensors 200.

The cell 202 can be addressed for writing by passing the write current 228
through the write conductors 210, 212 that cross in the cell 202. FIG. 2C
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(not illustrated) such as alumina. The row spaces and column spaces are
15 sufficiently wide to provide adequate electrical and magnetic isolation
between the memory cells. The row and column spaces are also used for
an array of row and column read conductors (not illustrated in FIGS. 2A,
2B, 2D). As illustrated in FIGS. 2A, 2Bg 2C, 2D, each of the cells (such as
cell 202) includes a magnetoresistive sensor 224. The magnetoresistive

sensor 224 includes 20 a multiferroic element 225. The magnetoresistive
sclsgnsbicalty idlekitatiealtheonnidetedriemiritdEondhectorslR 202 2 sthetted by for

Cross one another at cel The write conductors 21 12 provijde
e ST b RTINS o e Rt ey asigps the
mdBheRITCHRG datte 20N eThe 23ty egbrifgl (Vagnelprrsistiva&eniOmagnetic

224. The write conductors 210, 212 carry the write current 25 228 to the

ANiFRRAERY ISV Se BB RIS THERAAEE cafrEht 228l WS dtige 1Red- FIG. 2C
ﬂlﬁﬁ-ﬂ@%&i%x& WNFAL P24 preK deA W@?té%fé%t%ﬁ%ﬂ%&%g Current

e magnetoresistive sensors 200. The cell 202 can be addresse
soundtiriZpbypassiag the write cunenttZ28. tRodeighisthsowrite 260 guotcixde? the read

212 that cross i ell 202. FIG. -8- schematically illustrates the )
cufiid SO R IS BRI T RO E dse of solid
stabtIFRMCARE GRIAIAISE AN IR PIEENE) (Y $el¥c) BEASMWRRAI column conductors

magnetoresistive sensor 224. The write potential (V+, V-) modulates the
210n2dRethatasiosptivgi¢oradtnrdiZmabsetrlp?8Bertyydectrdnantdepssedhyfer read
225.FIG, 2C 5 jllustrates the.read current 234 when 202.s select
o A S B B o T A R e and
colsotircadAD poovddesotise tieadcotrertt Badvdhe chll 200 igGklani@dhe potential
(addressed) for write access by the use of solid state switches (not
SOYfS&tAAtEd in FIG. 2C) to select the row and column conductors 210, 212

that eress i1 ineisiell 802 adhe-£ellA02 isrssleird{apressedoer IRaF 1Rcludes

access by use of solid state switches (not illustrated in FIG. 2C) to select
muybifegneic material. The memory cell 300 is supported on a substrate 301. The

memory cell 300 comprises a write conductor 302. The write conductor 302 carries
a write current 304 during a write time interval. The write current 304 generates a
magnetic field 306. The magnetic field 306 passes through a magnetoresistive
sensor 308. The magnetoresistive sensor 308 includes a multiferroic layer 310. An
insulation layer 312 separates the multiferroic layer 310 from the write conductor
302. The memory cell 300 includes electrical contact layers 314, 316. The electrical
contact layers 314, 316 contact the magnetoresistive sensor 308. During a read
interval, a sense current 318 flows through the contact layer 314, the
magnetoresistive sensor 308 and the contact layer 316. During a write interval a
write potential is applied to the multiferroic layer 310 by the contact layers 314,
316 and 302. The write potential modulates a magnetic property of the
multiferroic layer 310. In one aspect, the magnetoresistive sensor 308 comprises a
spin valve. The writing can either be via a magnetic field created by the current
(as illustrated) or it can be due to spin momentum transfer from the write current

(not illustrated).
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column read conductors that connect between the cell 202 and the

potential source 240. FIG. 3 illustrates aspects of a first memory cell 300

that includes multiferroic material. The memory cell 300 is supported on a
substrate 301. The 15 memory cell 300 comprises a write conductor 302.

The write conductor 302 carries a writg current 304 during a write time

interval. The write current 304 generates a magnetic field 306. The

magnetic field 306 passes through a magnetoresistive sensor 308. The
magd€erebistivetsetrsonspéciscioties sennitifemeimayerc8li04@h that includes

insulatian | 312 tes th ltifeyroic | 10f th it
o T R TS AT AR 1.
methry kellThmealeatitaesantaet l@yRiadbds 308, carBagtbevrite conductor 402

magnetoresistive sensor 308. During a read interval, a sense current 318
canfiRgsanvaith eHereaht4etd) eV sHakrduring retvidigstireednigivabg gy write

colfuCRNABE ARG AL ] PHENG At BRI VR R N HE AR M@%&Q@H‘?ﬁ%l. The
the multiferroic layer 310 by the contact layers 314, 25 316 and 302. The

writeteupriahtdi rgedertates amreggmetiic iebh 40y, dlhthev ntealtfenoit 4Qpezenerates a
310. In one asp the magnetoresistive, sensor 308 comprises a spjn

) Zan e DRSS Gl ete Aol o AedRyF i cobaeh 2

mdSadibREAIgM Osi R beodueta Spin pomenymiiRNSiBhtRM 4D WHiRudes a

current (not illustrated). -9- FIG. 4 illustrates aspects of a second memory

migifergoiehairiciidesiminielasienarsnatl 3 enaeinsriheemudigfesroic layer 410
fro%%F%§8r%‘?%t%k%f{@é%%ﬁ%h@%eerngff%g‘in‘?r?cP&@é r;'asg(grd\ér\g[cr?%%gﬁt layer

conductors he write conduct carries a write
414 thrsited)ndarte glee whikg tieter bsis tirad. SEpeovriess Dontygtor B eadieslaa sense
write current 405 (I writel) during the write interval. The_write current 404

cupeRtrhee R mab e ilonsidaepeth diGrite eiaTh iR Y5 Héhdhfonagnetoresistive
sefBBPROHGHBIGHAO% ihe HRANGHE HENTAR A MRRRS BN Rrite potential

is applied to the multiferroic layer 410 by the contact layers 414 and the write
conductor 418. The write potential modulates a magnetic property of the
multiferroic layer 410. In one aspect, the magnetoresistive sensor 408 comprises a
spin valve. The writing can either be via a magnetic field created by the current
(as illustrated) or it can be due to spin momentum transfer from the write current
(not illustrated).

FIG. 5 illustrates aspects of a third memory cell 500 that includes
multiferroic material. The memory cell 500 is supported on a substrate 501. The
memory cell 500 comprises write conductors 502, 503. The write conductor 502
carries a write current 504 during a write time interval. The write conductor 503
carries a write current 505 during the write interval. The write current 504
generates a magnetic field 506. The write current 505 generates a magnetic field
507. The magnetic fields 506, 507 passes through a magnetoresistive sensor 508.
The magnetoresistive sensor 508 includes a multiferroic layer 510. An insulation
layer (not illustrated in FIG. 5) separates a contact layer 514 from the write

conductor 503. The memory cell 500 includes sense contact layers 514, 516 that
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magnetoresistive sensor 408. The magnetoresistive sensor 408 includes a

multiferroic layer 410. An insulation layer 412 separates the multiferroic

layer 410 10 from the write conductor 403. The memory cell 400 includes

a sense contact layer 414 that contacts the magnetoresistive sensor 408.

During a read interval, a sense curreqg(l sense) 418 flows through the

contact layer 414, the magnetoresistive sensor 408 and the write

conductor 402. During a write interval, a write potential is applied to the
comtadtifdreoindgyetaresisyvh e amuacdiyEns 41dtarg the vitherlbecoiaductargnetic

iofi}8, The yurite potential modul i ty of the multiferroi
B el L ey S T

tradRidVEtsen the wiltted-careattiabbel NistpateaynEtif figidacreateeibyrihg, a sense
current (as illustrated) or it can be due to spin momentum transfer from

curp At dprsnthrRigiushac)tany lacsrifisthedaaggiereyptvpirgnsor 508
ana‘%ﬁ%oéxr&%géﬁ%?aéﬂ@?iﬂﬂﬁ%ﬁlﬁé%@fﬁ@%{‘%‘ JH&%‘?P@B‘M?& t§e88ned to

IS supported on“a substrate 50 memory cell 500 comprises wri
theondlidtersos0da$eB.Slhehyritheanthietdr BY2reditibs Gl turrittheurseite5pdtential

during a write time interval. The write conductor 503 carti write
QAR SO B RES S RIS TRE GRE ClrmaNEEOA et Hard daygrs 514
ani39PRIIC ARl 206y dIhewrite eBHENERRS Jeraraiesd magpeticstialdodPply the
The magnetic fields 506, 507 passes through a magnetoresistive sensor

posagial Heantaghdtoresistile aadsakGoanmlrribs apeditierroitfalfes bipvia spin
An insulation layer (ot illustrated in FIG. parates @ contact.layer 514 . .
R, T S SR, S R RE R btene i
flocainiachtaysyls Gidireé tatirat ol Oheomtacd thelsvdgnetoresistive sensor 508.
The writing can either he via a magnetic field created b}\‘/r%t)he current (as

iilustrated) otit @BntSe HISHRL I ROSEHRNES Shser koY fhsdn memory
celfIMR LRebilsiraieNnRyInG S '@Q%iﬁ,t%@aéré‘rﬁ?ﬂ%iﬁﬂgseé‘ﬁéJﬁﬁﬂlé}vgﬁacks of

through the contact layer 514, the magnetoresistive sensor 508

layers can be used as well. In each of FIGS. 6A, 6B, 6C, one of the ferromagnetic
layers in the stack comprises a multiferroic material that has a magnetic property
that is electrically modulated by the application of a voltage to the multiferroic
layer. In one aspect, a free layer (or free layers) include a multiferroic material,
and during a write interval, the magnetic anisotropy of the multiferroic material is
modulated to reduce magnetic anisotropy. The solid state memory cells and
memory arrays described above in connection with FIGS. 1-6 provide nonvolatile
data storage that can store as much data as or more data than existing flash
memory, MRAM or Spin RAM devices. A multiferroic (MF) material can be used
as the storage layer (e.g., free layer) in a solid state memory device with a solid
state addressable array architecture.

Processes for making the addressable array with multiferroic material are
adaptable from existing processes used to make MRAM and Spin RAM devices

which have not taken advantage of multiferroic material properties. The

advantages of MRAM and Spin RAM, such as fast write times, unlimited write
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5 and the contact layer 516. During a write interval, a write potential is
applied to the multiferroic layer 510 by the contact layers 514, 516. The
write potential modulates a magnetic property of the multiferroic layer
510. Contact layers 514 and 516 or, alternatively, write conductors 502
and 503 can be used to apply the poteptial. Contact layers 514 and 516
can also be used to write the bit via spin 10 momentum transfer. Spin
momentum transfer could be used if a current is flowing through the free

cytigepofitHewmnmrydevoe. FIGSIeed 6B, B itusseatt Yydéselamaploesudfiferroic
1;g‘gcks of Ia%/ers in me@%ﬁ#§%z. The examples shown in FIGS. 6A, 6B,

OB RSt RMIERY, dnd ot dRYSFIADS EEAY e used as well. In
eachobkiésn O REBVI6Eevates ObiRealer WO RREA I AFplgyaESdmiAgataeKield to

comprises a multiferroic material that has a magnetic property that is

2 reetrlexny riidkiliafed biREnsgislicaie b avsiered The wiifiterfsrpsed  lead
ad&%%éﬂ%%ﬁ@ﬁe_%’f?é‘ée&déé{geh(% PESRNRLT) ctide; ﬁiwa‘;ﬁt{é% but stable

material, and during a write interval, the magnetic anisotropy of the
enougtifetooibeméteriaaly maidblated to réclug cemaggbtipanistirapy beheonsidered

solid state memary. cells and 20 memory arrays described above i ) )
nORRILHon Wi FIAD. T8 hr6ab (EHoiRPHAE stagh 1l cAipiste i 2
rowy FOUGhAAIRIASIOEANRES dala BIRA, axisiinghiank snemeryy IMBAM®RIrIRHY lead.
RAM devices. A multiferroic (MF) material can be used as the storage

Theypalydif. thatelsaysHitimdssyilipseateenbortton) aaditerieadssorgs sagbthe fields
essable array architectyre, 25 Processes for making t ressable
Fr S g e B R LA HIFRE RS ugh 1o
swiitséd fleentilkea MR AM e dGpiicl &AMed @oives . ilhiehgraventbt tdkeiosed devices
advantage of multiferroic material proaerties. The advantages of MRAM

helpsisehin RIeRE SitkeasPadheetenty, ditrlnssd weicss (@pcddGra 1-6), the
mUOMBERAVEL 8 ITRSE Y SHBBE PEassAY sisalased mulifasiels vanEPapbplied

access memory (MFRAM) devices and arrays.
voltage. The voltage controls the magnetic anisotropy to have a smaller

magnitude for the cell that is being written while other cells on the same row and
column have larger magnetic anisotropy.

In existing SpinRAM device concepts, bits are written by applying a
current through a single device. This has the advantage of addressing only one
device at a time, but either a large current density is needed to switch the FL or
the FL needs to have a low enough anisotropy to be switched by a low current
density. The presently disclosed devices helps solve these issues. In the presently
disclosed devices (e.g., FIGS. 2A, 2B, 2C, 2D), multiferroic material has a magnetic
anisotropy that is modulated by an applied voltage. The voltage controls the
magnetic anisotropy to have a smaller magnitude for the cell that is being written
while other cells on the same row and column have larger magnetic anisotropy.

A multiferroic (MF) material can be part of a free layer, so that the
coercivity of the FL is too high to be switched (or made unstable) by the magnetic
field from the write current or currents, except in the one cell where a voltage is

applied across the MF FL to lower the anisotropy. The voltage is primarily
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In existing MRAM devices, bits are written by applying a magnetic field to
a free layer (FL) of a magnetic tunnel junction (MTJ) using crossed lead 5
addressing. The FL is free enough to be rotated by the applied field, but
stable enough to be thermally stable over long enough periods to be
considered nonvolatile. The field fromy gach lead is applied to all the
devices in a row/column, which causes a stability issue for the other

devices under that lead. The only bit that is written is where the bottom
apphdddpll@'a@tsrmwbaﬁﬂ thfetfieldsel ceftomhire lé@d&mdhaadgemms There can be

rrent toc te afi large h to swjtch the
SO e B o S e T e S e ot these
f1eIH§%&éS§ng§flh&1tﬂBlﬂm@f\ﬂhﬁﬁﬂ'@s@ﬁcﬂﬁwqﬁ&e@ﬂoﬁi@ﬁa&r&stﬂﬁz FL of the

multiferroic material has a magnetic anisotropy that is modulated by an

celhhsivg ydrsgmernd boiEyd snnois asd Frighatidhm @@ﬁ%ﬁ?ﬁ%@@é@mMM
ovéf“@ﬁ%&%é m%gfvﬁ%d@f fé’&ahlssggﬂﬁhg;'ﬁPeemr‘e{F&@BlWP&ﬁ aer sallsgnoc op

he same row and column have | r magnetic anisotropy. In existing
hasmmi\saadﬁﬂgue ﬂmtcﬁ;ﬁswbltslam%v\tsltmlbgedd@ymg«altageremmmpug kurrent,

a single device. This has the adv nt ddressin evice at
Lo TG B R TS R e L e O % MBS BN gy 5 would
hatkR€aFbOREER LD ERVER IPWARNANY BN ISOOFYLO( @% S\wibhesby@i0Wource 140

current density. The presently disclosed devices helps solve these

in BKged Grptpqirasentipwiee|ddedriEliced (@ is. spisBntiallygheodtage that is
Itf rr0| Sam otrapy that is modulate
ap}cgl Srﬁ%e#ﬁleﬁvﬁolt;ﬂ&e%%ﬁrﬁ%jvﬁ%e usﬂ;{% 5(13&1'88518 ST ahP ¥oa§ngAM

Vo tage maghetic anisotfopy to have
addmﬂ&tgﬂ@@nthdetﬁmﬁéle]ﬁﬁﬂtﬁbat Eingtarktenginevhdd athehaells voltage is

the same row ggd column have larger magnetic anisotropy. A multiferroic

dropipshastaisIthebe Palodred HeFpRHSeH 8 the coercivity of the FL is
too h{g*bg%lb%ﬁ\/vﬂsh%(% ads untabie) vy Bg MRoRienSeidiiPBdiBled to

write current or currents, except in the one cell where a vo age is applle
anaﬂmlsgnhgrmﬁcnm@mlemtl@émué@tmﬁwmheﬂv@Ita@e|§]@@1m%musﬁsmtance (MR)

of the MT]. The MF material can have a very high resistivity by combining high
resistivity ferroelectrics and ferrites or by multilayering high resistivity
ferroelectrics with metallic magnetostrictive materials (MSM), or the MF material
can have a low resistivity by building a pillar like structure with a metallic MSM.
Ideally, the MF material could be placed in series with the MT]J by coupling
it directly to the FL. This requires a MF material with a low resistivity (relative to
the RA of the MTJ]) and a large magnetoelectric coupling (a small electric field
causes a large change in magnetic anisotropy). In applications where it is
desirable that the MF material not be disposed in the direct path of the current
passing through the MT]J, the alternative structures described below can be used.
The multiferroic material can be used in a current-in-plane (CIP)
magnetoresistive sensor instead of a current-perpendicular-to-plane (CPP)
magnetoresistive sensor. This places the sensor in the I_sense line of FIG. 5. The
write current would not need to pass through the MF FL. Write line 2 in FIG. 5 is

an optional feature, since the use of the multiferroic material permits writing with
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-12- applied only across the FL of the one cell where the two leads cross.
There can be some weaker fringing electric fields applied to
non-addressed cells, but these fields are significantly lower than the
electric field dropped across the FL of the cell being addressed. The
multiferroic cell retains the advantagegpf SpinRAM 5 over MRAM in terms
of addressability. The multiferroic cell (FIG. 2A, 2B, 2C, 2D has the

advantage that the switching is assisted by a voltage, not by a current,
onlgwerite lponer FeguvdndntsuThe (eatispforf tHe eqos@iattwWiR A drethed a field

Id hav. C offset petween t and.this DC offset (e.g., frqm .
co B St APLBAISURTR e 1 O S NLATal e S B gmisotropy
of sHbskantipily thelvalagenbatisrba@ppliadidpasetie MulfLwThe MR, CIP
cell using addressin(lg similar to SpinRAM addressing has the tunnel

SeRSAELIGHNITREs Bsk B giaeted wiethaand dithge Reehopydadhndslpge sheet
reg}gfaﬁ&tqggggjmgtam' Qtropy, o kot of the above cases, the MF FL can
inetically cou '

be magne pled to another magnetic material in order to enhance
the ldfhe svaidrietogesisthadd (FiRildl beofithee BT JpdimeaviéninategaktaPM) that

have a very high resistivity by combining high resistivity ferroelectrics and
G Oy W TEsB Ho H A ERR FoSE e i Rl cton read
seBBENAI0SSHABE MaratalsAMheiha @6 ther MicsaatavialcsahEavVe R MW using the

resistivity by building a pillar like structure with a metallic MSM. Ideally, the

wii lingterldic B berprasertiseerds Wiretrronplgdbyccogplihgagnptic material
Iayd rely. o %{i&%ﬁézgﬁ%&i?xa%ﬁMsFtlﬁ]eag?{i@(l)t\{‘vér:]%){i()lf %éeﬂlimég%v&l{ag the soft

relative to! a'large mag electric cduplin
mastnatielaeidcNE dtcdusasvattdrge. chihageofit magetit- anisatriyly)simot always

applications where it is desirable that the MF material not be disposed in
neqHfs g

t patdr Bretintert \paLsing REahHhERERS e A raapely 2 larse
maBitiiies desqrieat he'anakant ke 4sedize The multiferroic material can

be used in a current-in-plane (CIP) ‘'magnetoresistive sensor instead of a
currditepelpdndicaiarabipiaaev@pPie built similar to that described in the

paragraph above, but there can be direct coupling (not just magnetostatic
coupling) between the MF and the FL. Again, this coupling can be mediated via a
second/soft magnetic material if desired. This would use a sort of exchange tab or
lead overlay geometry.

The MF material can be placed on top of the I_sense lead and the I_sense
lead can be a soft magnetic material (FIG.4). This allows a voltage to be applied
between Write Line 1 and I_sense to lower the anisotropy of the MF material and
a current through any combination of the lines can write the bit. Alternatively, a
nonmagnetic I_sense lead can be used and the MF material, or the MF material
coupled to another magnetic material, can be coupled to the FL through the
I_sense lead via an indirect coupling (e.g., magnetostatic, Ruderman-Kittel-
Kasuya-Yoshida (RKKY), or other known indirect coupling).

Using the multiferroic material can increase thermal/magnetic stability
and lower power consumption. Multiple alternative geometries are disclosed to

implement this concept. Many variations are possible, and adaptation of features
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magnetoresistive sensor. This places the sensor in the |_sense line of

FIG. 5. The write current would not need to pass through the MF FL.

Write line 2 in FIG. 5 is an optional feature, since the use of the

multiferroic material permits writing with -13- only write line 1. The MF FL

can be on top of the sensor device, sygh that a field could be applied

between |_sense and Write Line 1, which lowers the anisotropy of the MF

FL, and then the current in Write Line 1 could write the data. CIP sensors
desgsladréncasityihmtudtiotrd, aswl it rawbeanilostvatibat i strepi@ed. The

esistance, large MR&? ices are achievable, The syyitching of the Fé
PR EIETDY e arER PG oL PR ek APLAEs B i digeesses
selobBE, SERSOfhEndesilike magielipufiiahiiielion IGadhseRSpE NGt magnet

today. The magnetization of these PMs can be switched using the write
adjprsatTHeepfrecdadmptiRe swnthalier estpeneRta REBReAgRdEC comprise a

miEHRE Lt anp?eapt@is%sﬂ{e%%ﬁséﬁc IWEES e %%%Hg@%’ &fr{'k%méarise a

MF, allowing the soft magnetic and MF to be'switched. T oft magneti
mapatéicalig potitdhable lagedethbuhitlifydoécdesieedda kelppderntrahthéree layer

) ics and to ly a large magnetic field to the FL to make it very
Vi R B TR E A S that desorbed i the
15 ppragraphpabayeidhsidbererzande g cawningh et haracteristics and

magnetostatic coupling) between the MF and the FL. Again, this coupling
adrantbganediardans snyeedinaesbitohdhadic ehitendravecaenl sthiwrth in the

would us ort.of exchange tab.gr lead.over eometry. The MF .

o LS L R e Jygncton o

vattagscambedirsefitnagngtic inaterrli(FtGid)dkelsallews adlvaoliagete baly, and
applied between Write Line 1 and |_sense tQ lower the anisotropy of the

Ch N hatREl PedfrerR tistRih arsPEsiABnation Betieringd caitgtige and

arifigRi AiCEIANAY, 2 AEAACHRHpTE07 1870 SARAR USSR ARHNS the full

material, or the MF material
extent indicated by the broad general meaning of the terms in which the

appended claims are expressed. For example, the particular elements may vary
depending on the particular application for the memory system while
maintaining substantially the same functionality without departing from the
scope and spirit of the present invention. In addition, although the preferred
embodiment described herein is directed to a two dimensional array for memory
cells, it will be appreciated by those skilled in the art that the teachings of the
present invention can be applied to three dimensional arrays, without departing

from the scope and spirit of the present invention.



coupled to another magnetic material, can be coupled to the FL through
the 25 |_sense lead via an indirect coupling (e.g., magnetostatic,
Ruderman-Kittel- Kasuya-Yoshida (RKKY), or other known indirect
coupling). Using the multiferroic material can increase thermal/ magnetic
stability and lower power consumptiofis Multiple alternative geometries
are disclosed to implement this concept. Many variations are possible,
and adaptation of features -14- described in one illustration for use in

WHrsthier (ustdtion iScontemplated. The optimum geometry used

1 &e§ends on the selected multiferroic material, processes selected, and

’ Ge&Yed G vcigglﬂi)é}‘%?rgiance. A synthetic permanent magnet adjacent

the fremlaysorbsisynhadiesperthaneshipagestisparsafiifeciulle a free layer,
multiferroic layer coupled to a soft magnetic layer. The free layer can
comprise athfagretgaRiosaaicH Ble 18RO heCRRAHEHDE lager dgad  current
couple fo e ieedaufty V' RIS CQuPRcOHer KAIRALPS P BSfng a read
possible. It is'to be understood that even though numerous characteristics
and advaniagesaf eadous embodiments of the invention have been set

forth in.the 1q foregojng description, together, with details.of the strucfure .
and RHERN B ARDGL B b RThSREIET theVFE BRI L Wb oo deta in the

illustrative galy. RRdr,CRARGASIRAY BRMAUME Beialk eSRRSRAINM INIMAl@Serroic
of structure and arrangement of parts within the principles of the present

invention tdanerfiMrragebaf imdikibted ¢y tatrsdd general meaning of the
terms in which the 15 appended claims are expressed. For example, the
particular elements may vary depending on the particular application for

2. thaenemonysystedh whil€laiainthinvigseibstantiattydhisaoie fliyetionaligives a
without departing from the scqpe and spirit of the present invention. In

modiRHAN MASHGIR LT B8R tem By AR s el osre At dh revgdferroic

magadwo dimensional array for memory 20 cells, it will be appreciated by
those skilled in the art that the teachings of the

3. The memory cell of Claim 2 wherein the modulation provides a lower magnetic

anisotropy during a write interval.

4. The memory cell of Claim 2 wherein the modulation provides a higher

magnetic anisotropy during a read interval.

5. The memory cell of Claim 1 and further comprising;
a second a write conductor that produces a second write magnetic field

that intersects the free layer during the write interval.

6. The memory cell of Claim 5 wherein the first and second write magnetic fields

add vectorially in at least one region of the tunnel junction.

7. The memory cell of Claim 1 wherein the first write current flows through the

magnetoresistive sensor.



present invention can be applied to three dimensional arrays, without

departing from the scope and spirit of the present invention. -15- WHAT

IS CLAIMED IS: 1. A memory cell comprising: a magnetoresistive sensor

that comprises layers that include a free layer, the magnetoresistive

sensor conducting a read current repjgsentative of data stored in the

memory cell during a read interval; and a first write conductor that carries

a write current that writes data in the free layer; and at least one of the

layers comprising a multiferroic layer formed of multiferroic material. 2.
3. The memor ceILof Eim 1\g/he ein thetﬂ]ulgifer@)ic layer receivesa_ latil

 BaTBR B otENST that ModufkbSsHE HadRetid T SRR bItha non-volatile

Stdfa.ggfgréﬁi@nmaterial. 3. The memory cell of Claim 2 wherein the

modulation provides a lower magnetic anisotropy during a write interval.

4. The memory cell of Claim 2 wherein the modulation provides a higher
0. TIROREUBAISOUPBY E4iRg 7 (PRAIIPNA! o TG MEAYCEURLE A prises o

and further comprising: a second a write condtictor that produces a
cusertrid-plieamaggetiofielttinatsmtersects the free layer during the write

interval. 6. The memory cell of Claim 5 wherein the first and second write

magnetic fields add vectorially in at least one region of the tunnel
1oJmi%rﬁow%én%n@mﬁall10&ﬁ1%@@fﬂnltw@%@'%km%ﬁyﬁg%iées%mompﬁses a

flows through the magnetoresistive sensor. -1
current-perpendicular-to-plane magnetoresistive sensor.

11. The memory cell of Claim 1 wherein the free layer comprises a multiferroic

magnetoresistive material.

12. The memory cell of Claim 1 wherein the multiferroic material magnetically

couples to a soft magnetic material to increase the magnetoresistance.

13. The memory cell of Claim 1 and further comprising a synthetic permanent

magnet adjacent the free layer.

14. The memory cell of Claim 13 wherein the synthetic permanent magnet

comprises a multiferroic layer coupled to a soft magnetic layer.

15. The memory cell of Claim 1 where the free layer comprises a magnetically

switchable layer.

16. The memory cell of Claim 1 wherein the multiferroic layer couples to the free

layer via RKKY coupling.

17. An array of memory cells, comprising:



8. The memory cell of Claim 1 wherein the free layer comprises a

non-volatile storage element. 9. The memory cell of Claim 1 wherein the
magnetoresistive sensor comprises a current-in-plane magnetoresistive
sensor. 10. The memory cell of Claim 1 wherein the magnetoresistive

sensor comprises a current-perpendigdlar-to-plane magnetoresistive

sensor. 11. The memory cell of Claim 1 wherein the free layer comprises

a multiferroic magnetoresistive material. 12. The memory cell of Claim 1
whereiw theritrultdedoictoratenal welgnetcailjtcoopldsttoesstiameagrsstiet cross
material to increase the magnetoresistance. 13. The memory cell of Claim
1and furthgroﬁ%l%prising a synthetic permanent magnet adjacent the free

layeméshore-anepokytkaledl {xlainy #3csheyeinthisetddicfisinesaadent
magnet comprises a multiferroic layer coupled to a soft magnetic layer.
15. TRENBWIBS Fefiedk CommTisiiite e MBEREEOESpT EG Sy dhat includes a

magneticali%yéwggmgﬂ%%}gat g memory cell of Claim 1 wherein
c

the multiferroic layer couples to the free layer via RKKY coupling. 17. An
array of memory cells, comprising: -17- row write conductors and column

write conductors that cross at cross points; memory cells positioned an
18 5 d0fe c¥iBle O trAAERdSL YA AR HEFRES Ce el Hahsthr Addressed

méRRayeterrabsiveeseNaRs dnd tRplUseR At aMeR e tiHaERIG mﬂgﬂdicéﬁroperty
The array of Claim 13 wherein the multiferroic material of an addresse
of thermttiéalreseansderistodulation potential that modulates a magnetic

property
19. The array of Claim 17 wherein the modulated magnetic property comprises

magnetic anisotropy.

20. The array of Claim 18 wherein the modulation potential modulates a magnetic

anisotropy of the multiferroic material.

21. The array of Claim 18 wherein a write current flows through the

magnetoresistive sensor of the addressed memory cell.

22. The array of Claim 18 wherein write current does not flow through the

magnetoresistive sensor of the addressed memory cell.

23. A method, comprising:
providing a magnetoresistive sensor that conducts a read current
representative of data stored in the memory cell during a read
interval;
providing a first write conductor that produces a first write magnetic field
that intersects the magnetoresistive sensor during a write interval;

and



of the multiferroic material. 19. The array of Claim 17 wherein the

modulated magnetic property comprises magnetic anisotropy. 20. The

array of Claim 18 wherein the modulation potential modulates a magnetic

anisotropy of the multiferroic material. 21. The array of Claim 18 wherein a

write current flows through the magngtgresistive sensor of the addressed

memory cell. 22. The array of Claim 18 wherein write current does not

flow through the magnetoresistive sensor of the addressed memory cell.

23. Aomeihgdatdesstisimy: pregidatigrasstigreterssistilay serfsonthat multiferroic

conducts a re%d current representative of data stored in the memory cell

during a reddf ﬁﬁleéj\'/al; providing a first write conductor that produces a

first write magnetic field that intersects the magnetoresistive sensor

during a write interval; and -18- forming at least one magnetoresistive .
24 sEheaneshed b i laimudrarhsieein dheraubifemeicrattpydadiciarmed using thin
ﬁhxp{tgﬁj_rﬁggi@&{nultiferroic material is formed using thin film deposition. 25.

The method of Claim 23 wherein the multiferroic material is formed using

a microstructure or nanostructure fabrication process.

25. The method of Claim 23 wherein the multiferroic material is formed using a

microstructure or nanostructure fabrication process.





