" MICRO-435
 Quantum and
. = Nanocomputing

] Edoardo Charbon
Mariagrazia Graziano

i il iy

HAGNETIc |HPLERENTATION




v

=W/
ViE

L

F1RA

cNE

. Qr

MO R)/

- HE
- (N

ne

I,

A)

C
q|
LO
S TIC

&

N

4

HAA/

ANO -

PLA .

IN o

2)



LIiT  of  VOV-MeynAn/

ARBCHITECTURES
cpu K1 HER Bvs £ rer
—D SLO W/
— Feren (From //vsm.) P s on
o CoNSUTIAN K
~ bscove - \X._R.T. CPU
, GET DaTe
.‘ FROM &ifﬂ.é— \,}
— BleyTe |* ExeC. W CPY
T ec‘ W CPUE— ._>\1Fﬂ0¥’\y BOTTLE NELK
o STORE DATA &— DAR K ngl'COR)/

\, (wvOavTA <t



NULTIPLE (aVEC

SOLUTIONS — HEoRY hierARcHY (MULTIPCE ¢

—> LOQlC,—W-Hé?IZOR)/
I aweansy) wan}
Faoayw,é (§7] W o o0 o




\— <
O =1

4 ""21
[Lowd JSHT‘IART B - E - ]‘ |
| é o cade ade cos o ., E————""
. | - HENORY
[COR Cell g
—»Loaic NEAR Go
usuaL

\ v HENOR
. vd

iR
| Q‘Q:’ Z"s.-ff T
ﬂ’e—AL L [ Loalc -I
enpepLe D -
i 1 ertor
Y cacH cel  (NCLv DEs

—DSTORA UE <
—p LOUIC &«



——
-

—T L
Loulc
aenent| |
D |
IHPLE HENTED IH PLEAEATED
USING STANDARD USIwG Me i/
TGCHNOLO@/ TECHNOLOGI(ES
| N
—DOFeASIBLE Y j‘;‘xg, ‘zgﬁiﬁnm STUBy

D AoT EH:ICIGNT/

—> SEWRL AT PescARCH
—P LEUSL



S

NEW TECHMOLO QIES :

-can BE usep FOR METoRy Omuy
- CAns DENELOP LOQIC AS W&

|- NHL ) CAN BE
) RE’RA\"I_..— | BORA/ Pt USED
PC- RAH)| AS e AS
, H' AERORIES RACETPACK ., Loaic
-STT-®aflr v SK/RRIOA/ I TH
— FEFET 'R;‘f\"’ "’oafg' &b (SPWWAVES)| \NIRWSIC
~ Y- R \]/ Loaic £ / HERAS

AN aen. CAPA BIL) TIES



SPINTROMICY | HAGNETIC DEYICES TR LagIC ,
~ INTERCOMA/@G’/ WERORIES,
SENSORS

.LL HERE
\/

J

HAGNETI C Fev D\;}mw - TACETMAUKe SKY/R 1 1ONS
LPlf/\l”L f’f}LLS lfalc —-pf'lfnz
L_bP_NnL ) ~.~3 n€h —o LOG/C




|
HAGNETIC
MQTER)AL

o x\\
Arokg
N \
DOh AN

ELECTRONS HAVE
NATURAL ROTATION

A
- IVTRINSIC ANGULAR
o henvTV N S

v

hA(,ucn%Arod\\a N\ / P / ™ haws
RESULT OF \ \ -7 7
sSPlv oF ‘\ _\\) /N‘\



DEFip1Tlons

HAGUET 2ATIONM

ToTAL HMAWNETIC HONENT PER VAT VoLune OF
AYIATERIAL
RESuLT OF THE INMERACTION ©OF SPINS O
ALL ATong

HAWETIC PERVIE AB/L:;V

RaTio BW. tBOGUETIZATION £ APPLIED MACGNETIC

o B TIECD
DetinES  Bow t’AS)/ THE MACQUE Tic

FLux CAN NFLUENCE THE mArerIAc



fIALNETIC  ANISOTROPY
TevoS To BLOCk. AlorE SN ORU AN 124T10U

% N A SPECIFIC HAGWVETIC lOheAT
§ tf (m»amb\'%w“m/\ (vwwm?)
"y

§h‘:/- HAGUE TO CRSTALLINE  AMISOTROPY

o PEPENDS OV CRISTAC TYPS TIPICALLY

g% AOR\E-'NTAH
LOWGTHE

§2°f ' SHAPE  ANISOTROPY . e i

l\Y y dEPeaps ©ON SHAPE L USONETRY  yarneroceare

g YALARTIZATION AL TO i) i& EAXR Gy

E,g%  STRESS ANISOTROPY

\E© APPLY A MECHAM WL STRESS —b CHawaes THE

. LACTICE  STRICTURE  —p ORIEWTATon of M

CHANGSS



+ L = X —
o |F APPLY \ggﬁgnc Gz,:': EE =3 5-
D

L‘DALL. N OF GRAINS ASSUTIE S4ANE IREC T/
—> W (R PAGNSTTRATON

o WHEAN RECLEASTPE
| prEsreNT SiTUANONM PEPENDS OV MAar:

SELE SUSTRINVED

SUSTAWED ALlLNENENT

OF A mowveri [Ronear
AL I SAME DIREcTronv

GEN AFIER RECEASWG
rn.F



IN A CR)/.S‘TA A

sV

:
WV

—_—

5 >

- -
SIN (L& POMR WS
’\ D(FERENT
/ JsTSs

_— RHULTI DONA v

® WHAT (N BETWEBN
ponainvs )

Y
200n



ToP Tﬂh f & V L

DOMHRIN | DOHAw ;
L WAL DOAIn

é Iy
NMeee WaLL
LATER W' WLl STE
BLOCH HOW THE pora) v WAL

WGLL canv “hovev



HULTI DOHAW HAGAETIC e
HATERIAC i L
% STATVRAT(ow
=
APPLy . 3
| €L 0
Mravetic 757 3
= HAGAETITATION H = | /
(NCREASES SLOWL)/ ) . .- INTAL .
AT THE BEQAWNG = [T mnmmnyu‘
\_
- -

- H. WCREASES
PAPIDLY h

- k. SATVYPRTES b



1_

>
Te cong T
TtH P.

fS T 10 1eadhd
aT R G})/YT?RGSCS (S

. NoT VALID ,
L Te 3s€C hF s RELEASEs 7 ‘f

Co Tc 4111¥C 15O (Pﬁmmawnc)




SQUESED

IF TP 10 e S(2E [ J 5O nm
- - OF A Swue !
,"AG"’” D o4V A0Om  APPROX
N L0 e FECRANGUWA R SHAFE

SINGLE DONAW HaGrvET © dDc TO ShaPe ANIEOTROBY
f{, QUaNS WITH (OAGEST S(PE OF fHAaAST

— TOP \IEW
T-——ﬁ'
ez, [1 o )
[ 2000 /
Sowm / — 1
- -~ L |

ASSO CIATE [ VF ORITAT DA

O HAGNETIZATIONV




KULT\ DOHAW
- r‘ Swals

A
DonAv
| ~ T M
SATURATI O/
,L/ A TAGAETIZATOV
—_ " _ —
4
- B o
REAL 7 &
/VANO
naanNeE T SHAPS
RN T roeac
l—

. AT CORNERS

—p THe CEAVTPAL STILL PREVAILS
— O WORKS AS WO STORARGS



IN-PLanve
~NHL

<

. s N THe

PLANE OF THE
R(GGER SUR FACE

OUT-OFFLANE
P-NHC

[
=
(., 1S PoRPEADICU-

lAR TO ThéE
SV&FAC2




IC
0

L

Jté

VE .

MAG o

,
10
Rowéay

) veno:

) LS

b)

Cl
PH

N

l

)



NHL
1 -

)
-(nye
OBJt

N
o
DU(C\

0

R

.

I

)



Focos Now oV ( TFNHIL

How/ v THE HAGWETS

V

T - Navo macwETIC tocie  —> ‘(’H&ﬂsnc FcA/ ]

Has IVTRINSEC RERORY

INTERACT 7

B
—1

STABLE

—>  BuT WAsT A0 TO cHAWNGE THE (1.1

WE WANT

Then TO
RE STADLE

J

S —

J

STABLE

CoOVfL\W &
AS N
HOL. - FcAN/

PROPAC, .
oR. Wto




HARD AXIS KWV ——

STAR(E é"‘ LG 1
+ [] M ﬂ’

!
EAsy / RELEASE [B

THE

AX\S
0 £Xr nAa/v WLC
_APiLy T-'uigNAL ove TOUM
EXTERNAL EMASE THE STAB(E
Feld PREVIOUS ST
VALUE DEPSAOWWG OV
—H \NVPUT

l RGSFrl —b NEIGHBOR
haanver



HOR\ZONTAL  INFORMTION  PROPAGATION

EXTERNA-L _ _
fLF. # APPLIED RELEASED

a

aae” G

_.P-
TRy : LADAG ~
| : Nrawwer \WET LUFEsHITZ
IV RESEr (EQUM'MS
Sral
tAlE /0 mtEngG'-S)
Tde |10PUT  CENERATES

ARAqNETIC Fiecp THAT —> (10DT L
(NFLUEWCES THE D\RECTIONV OF

THE MUANVETIEATION OF THE tlauvET
Ween T €X\TS Fron The UNSTABLF

RSSET (TATE



" APPLY BT H
B H[RS
R ’ ,
cﬁmﬁ‘«ﬁﬁ SHORT WWRE A7) FCRRO HAGANETI
LIGER axts LONG WIRE COVPLING

MUY
REEFERRABEERN BRER

NIAGRE 3 BTRE 3O

_ . Gasy Acrs AS
VY A Haxi vl (ENaNT 1¢ 4uo NBYT




VERTICAL WIRE (A/FORHA_HO/\/ PROPAGATION

W Wweut
Z
]
;

3

V. ¥nAe
CoveLED Via

SHonter. A5

e

\Mheh-

Z \

E'ERRO MaNeETlc
7/ coU PLING

m THERE 1S A

- LYAIT IN THE

l.ﬁ AMINBe OF
HAUNETS THAT
CAN BT
AL\uV€E D



THE TRANSFER OF  INFORMHATION

DEPENDR OV ’
—bd DISTANVCE r
_J
— ENP.

5 weur, Wt o T [ e -]

—> SHAPES -~ —_— D O
—O TECH. PARARETERS




T-NHL  IH-NHL

!
l\ IN PLape

—» VQV&}/ LOW PDWf& o

—D IWTASIC nenoky
— A0 PARD

D Cav B&Z FABRI! CaTED
WiTH CuARENT Tb—Cﬁ

ANO |V TER RARED \x,,m
STAVOARD _

NG
(SMTCQWQ?, NO LEAKAGE

HAGA ET(C

\..)C‘Q/I/J /o) o
T :.u‘ cLOC% (;e/v//

ce'/vt—(&a /
szu zvq -7

o v‘

~P WTGﬁ'FA-CC‘
YATH STAw Da

RD.
—DNOT 30 NAAVD
—~DSloks

¢ etep———




1 -NHL

OBJG'(T' VeES

&) ‘TZICH A/OLOCy s



ML Techworoa/

~N SO _
<V AQO MW~ — —> LlTﬂoaﬂAP&—y €BL. FiB
—p EVAPORATIOV OF META(
A0-20 %, ;
o SUBSTRTE Co ] fermpLLO 24

ALGNETMENT

| Attt hew case”




DEMOVSTRATIOV OF  ANTIFERROMAWNETIC  COUPLING
W A WIRE

SANNVING
ELE(RD
SEM ﬂ‘CROS(\’Jﬁ/

3@ . BkV XE8. Wk

Atonic
AENM torce

G20 wor|

MFM taq et
0. 1\ FoacE

L J/ mmosca@

RS, Po20D — NoTRE pAnE WvERs (5y



DEON § (RATION
OF 4

FERROHAGWNETIC
CoV ALtV G

InRE, POR 0 D NOTRE OANe~ U,



DEHOA STRAT [0V
OF A W\\Imlfy
JOTER

DERW STRATIOA
0F A/ WVEREER

WAE , PROD  NJOTRE DANE UNIIE RS\ TY



0
= 000000
y i 8

O
0

D0000000Q 0O
O

s 09§
o 0

e 100000
_0

c:::ﬁoe

——




CYTERVAL ENABLE o
HO K/ TO

OAN C|IRCUITS



EXTERNAL FAGNETIC FrELD FOR RESET

-

izt

P N

FRAINS 0ke-

HEHPHAS|%¢-S
THE tAan - Freen FOR RESET

INSVLATOR

( Swee cormenr/



Cu
Evaporation

CLOUK -RESET  FARRLATION & DoV STAATIOV

Si

= .
Si

A.

R/ DESP REALCTION oV ETCHIVG



MU Lﬂ Ple PHAScs
r_s@4' \4’ L/_UJ_E_
WS

Powe
: Pves |

e To

DUDD 000D D,Duu' B
i 2 o e

VA,




> HAS STRESS
/ / /) A/\'lsomoe/
- i

—| 2T |soesmmre . [ apeLien
VAGOELETRIC

e P2 STRESSED
! Jl ENLARULED
T V ) ~
/ °* HAGAE T TATORWL

o CHANGTS DUE&
PDD\;W?\'H 1\ @ \ TO STRESLr Amrwrn%
St

V wor V 18 HAGNET ZATION CHANGES
APPLIED APPLIED ORIS NTATION —D RESET




 CLOK PHASES FOR NP
4 By Wi/q e AUAP
qﬁ-% -ﬂ:_ .__:/’ : :-.'\: ; : :' /:L ‘ c: F:_

: -: .: W - Ve \
( . ' ‘ .

¢
]

..\;’f‘.f(/ 1." - = > - 4[APPL,ED

o> 1 Moo -»2- /%‘.gvfg
T .

VPALAILr vt APPLLED




T-wnv0L

CIRLV T S X PHASES



LOG\C GATES

HA ORI T/
"’ TONES
s_-a e
L fﬂ" o T, ) IIDDDEBB
ok
L3



we® e T,

Iml I@DDD %
A
f, /800 10|0 Imnmm T mgmm

-,—

T Y
ARE THE SANE L3

VER\Ey (A SSS @lb’lgi AS oé??\ﬁ#l(ﬂ oweE |s



M\, WoRks RETER IF VIRTUAL CLaCk (S USED

nnaEl.
) " Q‘g A

-1 @@ 'E} - Ng&;’

l
! @ heset

| B g
H, Al ofd Volwes MM

REQUIRES g RV A ReseT

Al [8] €SHALER H £or
X Digcheni- ReReT L}Z . e
A 90>(7u SWIT(H

AR




HicRorRGveTIC StHUATiov OF V(RTURL ClOck -~ [T1.V.

/A mlol
mom -
-d4e+5 |....- |mnﬂn-
sess il T =

© BEEm o [OIEE o

(a) | ”‘PgTTESPo:I-.o-l INPUTS 0-0-1 INPUTS 0 0-1

) STEP 2
. am
i i
1
i

——

B "nom BB nm
’ el .
I o B E e B AE o

INPUTS 0-0-1 INPUTS 0-0-0 INPUTS 0-1-0 INPUTS 0-1-1
STEP 4

i1 Il 1 = P i =
I B R Nl H B EW HB B A=
Tl o BAF - LR « BAE

INPUTS 1-0-0 INPUTS 1-0-1 INPUTS 1-1-0 INPUTS 1-1-1

Fig. 5. Majority voter with Virtual Clock. a) Gate layout. The three input wires are in the first virtual clock phase, while the other magnets are in the second
virtual clock phase. Helper blocks are required to assure a correct propagation of signals. b) Simulation with inputs equal to 0-0-1. Magnets are initialized to logic
‘1’. ¢c) Magnets are then forced in the RESET state. d) When the magnetic field start to be removed, only the input wire magnets switch. e) Finally also the central
and output magnets switch correctly. f) Final state with inputs equal to 0-0-0. g) Final state with inputs equal to 0-1-0. h) Final state with inputs equal to 0-1-1. 1)
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T T T
A _ liirEEe l TH22 model on snake clock
B s R EE r —
F T ul
Clockl —ryririninn A | 5 3 I
Clock2 UUMZJU“‘LH_J—_ 2 T ¥ entity reg is
Clock3 T “‘n—’ _ﬂ—m_—u—‘ B L \ generic ﬁlbit: integer :=32);
a—— | [ UL — port (dir¥: in std_logic_vector (nbit-1 downta 0);
Reg p- | . dout: out std_logic_vector (nbit—1 downto 0);
Outl z = | reset, clock: in std_logic);
R L s I X F end reg;
Reg Q.. ' 3 2 architecture behav of reg is
Out2 begin
Reg : p: process (clock, reset)
ous T begin Register
40ns  o60ns  B80ns 100ns 120ns 140ns / = ifreset =717 then e

entity TH22 is ~dout <= (otherg szl

port (A,B, clk1,clk2,clk3: in std_logic; F: out std_logic), elsif (clock’event and clock="1") then
end TH2Z; _ TH22 VHDL model i e — —_—
architecture behav 31" 'IE‘HZZ is MY and R T ——

..... components declaration o and Register gates....... - :

signal MVO, T, P, X, Y : std_logic; si gnalgz, W : std_logic_vector(2 downto 0); egﬁ({)gﬁgﬁ:‘ass,

begin

’ R1 reg: generic map (nbit=>3) port map (din(0)=>A, din(1)=>B, din(2)=>Y, dout=>Z, reset="0’", clk=>clk1),

R2 reg: generic map (nbit => 3) port map (din=>Z, dout=>W, reset = "()’, clk=>clk2); Py e
M1 mv: port map (a=>W(0), b=>W(l), c=>W(2), y=>MVO); {)rji(a b.c: in std_logic);
R3 reg: generic map (nbit => 1) port map (din=>MVO, dout=>T, reset = "0, clk=>clk3); er?d mv: S —0glc); MV
R4 reg: generic map (nbit => 1) port map (din=>T, dout=>P, reset = ’0’, clk=>clk1); " )
RS rﬁeﬁﬁ%ﬂ]it => 1) port map (din=>P, dout=>X, reset = *(’, clk=>clk2); %rct'_utecture behav of mv is
R6 reg:"generic map (nbit => 1) port map (din=>X, dout=>Y, reset = "0’, clk=>clk3); %,ggj: (a and b)or(a and c)or(b and c);
F<=P, end behav;

end behav; —

VHDL  rwpolel  of THZ2
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