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COUPLI NG METHODS AND ARCHI TECTURES FOR | NFORMATI ON
PROCESSI NG CROSS REFERENCE TO RELATED APPLI CATI ONS
wabeos/oeqapd i cation clains priority to United StBCEEA2005/001987
Pat ent Application No. 60/640,420, filed Decenber 30,
2004 and United States Patent Application No.
11/ 247,857, filed Cctober 1052005, each of which is
hereby i ncorporated herein by reference in its
ealt)iUPﬂING mﬁﬁb?s%rgﬁgﬂmrmﬁmommomwn
relates to the fie m conputing and to the
field of superconduc?&ﬁ%@ﬁ%es. 2 . BACKGROUND I n
1982, Richard Feynnman proposed that a controllable
guant um system coul d be used to sinul ate other quantum
syst ensCROSS REFERENGE TQ REIATEIDATBOYGAFIQINSconput er s.
See Feynman, 1982, biternational Journal of Theoretical
Phy his sppdatioplaimd filerBi8 Uniktw StdtesiPetehicipplisatipmidor por at ed
ference |n,kt nt.i.y et ' . l e
R e R e S L
11Quasa7 it COcphet €0, 20GSneictedfivdich iHmsbpmenpqyated hereiroby
evel opi ng a general purpose quantum conputer that can
re Brsncﬁérblg‘efl%etg‘i nul at e quantum systems or run specialized
quant um al gor i thRELD QFEHE INVEREIONol vi ng a nodel for
t he behavi or of a quantum system commonly invol ves
sol Thisipventich fefages erihé fdld efquantinoeempeiingtaadjtotties foffeof
Ham | t oni ap of the quantum system David Deutsch
Su%eﬁcéjgﬁliu\?gn&%wgg' a quantum system coul d be used to yield
a tinme savings, later shown to be an exponential tine
savings, in certai i . If one had a
probl em nodel ed i nrb'tclg‘(g@#g?{glgfﬁan equati on t hat
r epire 5984} Ridharth Beyidanai propered fhabd contellayleaavenfwmsyseeuld he
behavi .or . of 1h ' ' Wolgl
e A AT L G
coDBiBrs. BeoByeumd98b fnternetioral/alrmgbeliléesyeisl Plongohl. RP-
0 o 97 . ' ' by, i :
L e e T s
quantamtsystent smpwtdomgroalytrefemed thes # guantunt ogwuics nndeffallos ens

o 55 O SRR b i

siheinte iquaiine systeers we dmapeciatizarquantio nleddthimg e In Raﬁicﬁlﬁﬁat i on

T IR e

differential equation related to the Hamiltonian of the quantum system. David

Deutsch observed that a quantum system could be used to yield a time savings, later

shown to be an exponential time savings, in certain computations. If one had a

problem, modeled in the form of an equation that represented the Hamiltonian of the

quantum system, the behavior of the system could provide information regarding the

solutions to the equation. See Deutsch, 1985, Proceedings of the Royal Society of

London A 400, pp. 97—117, which is hereby incorporated by reference in its entirety.
One limitation in the quantum computing art is the identification of systems that

can support quantum computation. The basis for performing quantum computation is a

unit, which is hereinafter termed an information device. Information devices can have

many embodiments but must fulfill several requirements. One} requirement is that the

information device must be reducible to a quantum two-level system, which means that it
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i nformati on device nust be reducible to a quantum
two-1 evel system which neans that itnust be able to

whawe/ 069450 di st i ngui shabl e quant um st at es t hat PErCh2005/001987

used for conputation. The information devices nust
al so be capabl e of produci ng quantum effects |ike
ent angl enent and superposition, described below In
general, the quantuminformation stored in an

mubt'EE %l%thhﬁﬁwg i¥irEEiShabR Auanfit stAlQeEst Etﬁibe aee doricompegtion.

coherent. A device with coher@&ﬁé has a ua tum state
The IRRFmAteR d3vises i flspisicarablyef Py q fFfor a

enthPReheRARA RerPdsitioh,Mscribid Held®. m gﬂ:ﬁefralgﬁe qnaﬁmﬁﬁbmadm or
nore. One nonllmtlg‘%exa tb glﬁlf o}&ir{a
stoigd i aadnfpramationglgpiees can, PEGogsgp &g BT DI R ubi t
coHenQen@r}@L QQEHtﬁmts@te%éﬁ pérmétﬁwﬁwﬁﬂ s@i‘aﬁioﬁﬁ Hegtdbtpintfad a)long
mput er , is a type of 2)mat|on devi ce, t

perroé@ﬁiupwn@sﬁ@nﬂeﬁ BEros e 65 S0re O BB ST Sl B 1 o

infbihaldG Riibe 188 qtﬂ)ﬁ%&érﬁx@@@quaﬁtﬂﬁ bﬁomuht 18 gnaluesto o bit m a
quant um CoerUt er 1Lncr ea

clagea L ETa) APBAAOH HR BRe i Gov o Bt s SRR 1 a
ThE R JF SbHR s RRABED h&bﬁﬁlas ddo@erchdee quantum state of one
i nformati on device affects the qguantum st te of...each

of TheccomprineReienf AfRGTERLOPBIFHI AP 251S ?:Sé‘h?ﬂﬂgﬂlg

blobkd, SRl odevieoy) BleicBEplédSio fetied i bntrolladk medinangtlethent .

Andther limtation in the ntumc u art s the
thef qtepRP ot PR BRSPS Hce FHEESHS TRy iaéo‘%tegm of the

1%&%1595&&@@!; 3 ARG cBulde ThisaTb@S oftbuplitipdy Efeied R as
devices w t hout introducin JflcaSC% L![rfcet of
entgpglerprnt-efeqther imjtatignip He g PB‘"@%’& TCBABET g Pher e

of AeBrodEUR A bdRBELRbnBNRbY GRS he stafdeofiafigimioanidvices

operation of a guantum co%ggputer One approach that has
withewtintprgucipgp pignifigant JUES; ¢Ef“Guant um conput i ng.

CGrcuit nodel quantum conputing requires |ong quantum
coherence, so the t%‘ge of inforpation device used in

quant um conpdtlehprodehes te Quanim CURNIRE annr oach ar e
qu E irthete alREeihl Bhesie Qﬂpﬁdat:héa o B aekidh and Gﬁﬂrhtibnhﬁ\i Qudnamug

coherence tines. Circuit nodel qnf_‘ant gﬁ ut i n&g
comasterd QUEGAPTEHE thit B been E%é‘iﬁhdw AR CRYPEREpy
CitQE oAbl quaAtR SomPHiGR rdqli#& 1igl fant@ doladhcf 8o feagieatned

using quantum |l ogic in order to perform cal cul ations.

infiRersasion €pvitsaseia GRATHER ORI (el PP Pt @ PRACRAR be

quBftd %EHTW defrtidRehb %Q%ﬁb&ﬁhﬁ &le&nédiﬁﬂdsl G&Sult fhodel
exanpl e, " see Shor, 2001, V. or 500

quekiie [§oBUtiHg Asggyed ‘W%F}‘E@Feﬁl 363‘;1“1?1%19%9 ena& OH Pf qgical”

ga%gtxﬁﬁcﬁtlﬂéc biEHONRIVEH be proghamiied uviileqaesehesiencadafo qubi ts
many cal cul ati ons can F erfor m=:db bef ore
peifpfmpsateiations. Sesnarcd hanbeen donguip Agvelop WRETPLyEPhas not

prggq‘grﬂmédjﬁcbgﬁfm&ﬂmQQBél@ﬁﬁgtldnﬁ‘ tdr@x@kile, see Shor, 2001,
arXiv.org:quant-ph/0005003, which is hereby incorporated by reference in its entirety.

However, reducing the decoherence of qubits such that many calculations can be
performed before information stored in the qubit is destroyed has not been
successfully achieved in the art.

Another approach to quantum computing, called optimization quantum
computing, involves the use of a system of information devices to simulate a quantum

system. This approach does not make critical use of quantum gates and circuits.
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Anot her approach to quantum conputing, called
optim zati on quantum conputing, involves the use of a
W@ ®hoe46d | nf ormati on devices to sinul ate a RERCAM05/001987
system This approach does not make critical use of
guantum gates and circuits.Instead, it relies upon
guantum effects to mani pul ate the states of a system
of interacting information devices starting froma
Indé¥a\V¥religd dpoa |quahian‘i1 bff@nitamasipulbiealic stde of b npstensofat e
. res ts th oni.an af LN
GG SR AT SPERRLEm Chpehe e SReT S S LRk,
ﬁdﬂ%ﬂ&ﬁ@ﬂ%ﬁﬁsmsngﬂﬁﬁﬁﬁbfmaﬁmmmﬁsyﬂmndeywa&$,hamd not
just qubits, can.be used. as

P RET GBS 107! RS R aEy SCHTAF v o, o 9
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descri be n Far

ty%gglagprach atb%c;WBngT utbl\:ﬁ 51m’ul eg g[%ealmg, which
ard NBETHRE Iirﬁfe"@kii cbyl.,ne0x aemergtquamm/oemasn ,erych Bherel@ubi t s
prev ousl% one possible information
k

As [

m‘ifél?ﬂr@%‘h?y r?’j‘ﬁ%ntlse ¢ known as a quantumbit. A
qubit, while analogous to a digital bit in classical
conputers, has far nor utational potential than a
digital bit. Instead o 2 n@‘Sencodi ng one of two
di s Q‘Is%&hﬁﬁeﬂb@@;oulsl&l@e p@smb&ﬂdforrﬁatloasleﬁwﬂ d qilhfit, also

digital bit, a .
gy far pawmpibit of aigh v fie-RlogSus 5a BB i Reical + can
coﬁ‘?faluﬁis hdd fGhdte Edﬁﬁpu’ca@lomﬁlpdtential thah atigitatbitt hesteadnfordy ne,

SO C rform a quantum compyt ation.on bot

enbeneee S e S ery T 1 gBher o b Bl B
cafl alsd B@ﬁlﬁ&ﬂlnﬁ B Q@e@%sﬁ&h &tat agl “1 QUak ismha hg}nt dah laxist imak e

use g,§u SItI n praperty t e certain
Oélb?li’f) g‘}“&' ﬂ@tsgf?%%ergflﬁg aa%ulng stat es
coﬁi‘pu&u&u&i lsoﬂagt@teg ﬁlfnﬁllfdhe(dlslyo Ilagenbxhﬁ N dqipitacad bk Iva st at es.

Durin aptum c utat state. of a bt n
S“@%‘H%ﬁ“%nqo rzlg stgteg; u§ B\ggqlgqr qﬁélgﬁ %fetg? qpPer’ g%ont halt

prEﬁEQtyQMﬁieEdﬁlﬁéert@m&@ﬁpﬁﬁt(bn@r Obabl lity of occupying the
| 0) basis state ang Si ng aﬁfzous no(ﬂé &F@go% ?l lity
of deBuAgiiaelty tssEET & Aal €0 <R P a
statddP Lb it cSthpuRAish, qle%mtoes erangeﬁeﬁms atshlﬁierpm‘si&ér&ifl
state of the ublt whi ch enot ed \%e g@?theform
bafiy stptessoghaf g quoithas 4r}onzerwebaé1h§/ of Aerupying the IReps 1445 wes
rr d v.el
s ERE AL Bob bl A BRREkL I} bES sBEMREERREMLYE -
sup@pmiiae of ssis whitsaheaad thavis ovéral q:bdh@(ﬂfehecqﬁlblt, mdich istsfenotaddPhe

s ey e 4 0 A 4 4 Qe criths coredimng e
RIS HBFLRGRLOL TR0 Shobgan el oy
imaginary components, which allows the phase of the qubit to be charactenzed The
quantum nature of a qubit is largely derived from its ability to exist in a coherent
superposition of basis states, and for the state of the qubit to have a phase. A qubit will
retain this ability to exist as a coherent superposition of basis states when the qubit is
sufficiently isolated from sources of decoherence.

To complete a computation using a qubit, the state of the qubit is measured (e.g.,

read out). Typically, when a measurement of the qubit is done, the quantum nature of the
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retain this ability to exist as a coherent
superposition of basis states when the qubit is

wa@ adobiogt4emt | y i sol ated from sources of decoherPO/€A20D06/001987
conplete a conmputation using a qubit, the state of the
qubit is nmeasured (e.g., read out). Typically, when a
nmeasurenent of the qubit is done, the quantum nature
of thequbit is tenporarily |ost and the superposition

qublt ishasioRuittied esl thodubapsition dfbags dtdte coltapes joRjthdydwil®

state o e. 1> basis state, th regaini ng, .t
bagis it Py @ﬂi"‘ﬁl Slate SRS EgENBHI Sﬂﬁ‘ﬁ@%’rﬁ% SEIGRT O e of
achiBt-eT e qabit kr it kas baBpe@tdpais e6lthd pbatilsicoln] tdugh!
_praobabilities \af and fbf i mredi ately prior to the

immedgislyPrigife e esagert oPSHiST mat i on devi ces can have al

t he hyeticadevREQRERIvE BiSthEESEiEAl bRgerfiddAveribadrabsys irt S .

That is, the quantuq;st te of an information. devi.ce
i THE s BT FORR PO TR Ve oat B RGPS gROLeS
stﬂ%,‘c’aﬁlﬁ 'ceﬁ%.d@ériﬁeﬁ%y%%ﬂnﬂ g—g rTgcil (??g-)bl IZ, wheke o and VAR cBefBciad b

are coefficients corre the probabilities
cok@dpdndiipdo the prestilitéelhy and Hferespsatvelynisd qutugurn ftaof an

.information device also.collapses to basi s state
infieoh Beria st greo peissRiedi P ORI gt
iniSBdteh DR ihBAnMEN dRSs Mdotiave Navgena ratitdntegefot quantum
requi renent for quantum coherence, as opposed to
°4Rﬁ%¥é@0@@§ﬁ§bﬁ@&%onducting I nf ormati on Devi ces There
are many different technol ogies that can be used to

construct quantum conputers. One inpl.enmentation uses
super conduct #-AGUREFHquging P"&H’r‘??‘ﬂﬁﬁggﬁﬁut ers
CONSnerGlEdal diflersrit PRESDSHRECHAt Bgh ekl tabisanct deantees
have the advantage of scal ability. The passibility of
cqmapiers Qg IBEET o s B R B e ER S
cORMRBECRAGHGIeH REthistfeadofctifnintemhtinsicsibamveothe ndvaatage
since_the techpol o ie§.an rqﬁesses i nvol'ved in
R Y R R T
supkibid@ktideQnfbhRABn deaeks Bitrvs G sanirico iltechastpgitems, f or
mhich,ther$_%lreaq¥ existg an e tabh%ﬁ¥ed il
propRsres E1PIYEY trabrispiite P EaRi e BhUMBHURIc Y KRt fre similar to
thb @GREPIP Gt altioksl Qump@ws, fauckichkihevmlréadp etist b esmblished
~techniques {e.qg., chem cal vapor. ositio | asma
N e R R I e e R
fagﬁ%a‘ﬁbﬁ Reshiqdes E ge,)bﬁfllﬁicﬁ_,val:bdi dMmBitiZamlasma Gﬂﬁncekﬂchemicili p
abrication, Fourt i.t1on, MG aw Hi w YorKk;
vapeyslepesiion, ig e d@?crlhgf i gxanipe, Lﬁﬂ%\%ﬂrﬂt\ Bh?ﬁ %ﬂ’ gehip
F%ch?fi&@ﬁblﬁﬂﬂv\aditﬁﬁgNEGYaV\f-HﬂlaQe\wthbﬂ&c;) ;Eﬂ]gzéongmon,rfwriciplesfof
Bel | i ngham Washj ngt on; u, . _Fu rentals o
LHﬁ%ﬁ%*hﬂ@F@ﬁ?ﬁﬁW?gé@E@H%%égﬁFﬁ%%?néﬁ@gg%g@§£@EC, Boca
WahiAGen; Ribh, 3802, FidshaMbbinyc o/k8%atiokiBaciha Bkitioh, CRC
Mcrolitho rap%y,,wlcrona%Piniﬂg %Qd yl%r fabrication
Pxgsq Lfife Bpca Raton, Florida; and Choudhury, 7, Handboo o_?
Microlithography, Micromachining and Microfabrication Volume 1:
Microlithography, The International Society for Optical Engineering, Bellingham
Washington, each of which is hereby incorporated by reference in its entirety.
Toward the realization of such a computer, Shnirman et al., 1997, Physics Review
Letters 79, 2371-2374, which is hereby incorporated by reference in its entirety,

proposed an embodiment of a superconducting quantum computer using
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M crolithography, The International Society for
Opti cal Engineering, Bellingham Washi ngton, each of

WoR006/064450 her eby i ncor porated by reference i n PCECA2005/001987

entirety. Toward the realization of such a conputer
Shnirman et al., 1997, Physics Review Letters 79,
2371-2374, which is hereby incorporated by reference
inits entirety, proposed an enbodi nent of a

suﬁﬂ&ﬁﬂ@ﬂﬁguﬁbmmgmq&ﬂnkyamﬁ@@mgU@kﬂﬁsmﬁ@&hmenaﬁmﬂMEt|ng
formati on deV|ceﬁ%conpr|S|ng Josephson junctions in

e Br b RS E S equi red quant um ef f ect s.
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e BT SH0L, 55 ol 8, O 8 S o

1nﬁﬁrﬁdttﬁ)h@8v1€fs sepataods i @ diege Glgl_Splﬁ&p:&K/'ﬁég 8s dikvassed it 0
char i sgusse nto
reiieh Beuh RBRRR e b 0P kB MR et Ry PR R
405%&&?& héby RPorp@aiéd byHferenshircits dntirehye rCEiai_;geldamoas porat ed
y reference in it ntiret VIC s store and
R M UL R AR R
chB@¥d GBsistUiphifs of bREEIE eemysd Chagen psirsC AnSocper oir Hash tisrgf

g BBt e BRIEE ARG b

of 2 FRgEenYts Qgtwﬁr?g“%ﬁ Bpidogh
exbﬁgﬁtmﬁrsoxbmda:mh@nmnog gmemaﬁt:bmpwaﬁaezemd@wnmmanpl e,

Ni el son_and 0 n 0
ngrainf e B Bt by S p i B isdRtoy
Eé'imiﬁt?djg}enef@@we 348-eddbty. Bhisevoriflax rﬁemedmy 01; ﬂle othpoiaad,ed
reference in its_entir or gyi ces,
S A A o O el s S r oMt R o
def(\j/icHsXhaSE Bieﬁﬁe%%op%ﬂl algokan lrus‘ﬁ;oéﬂ\iﬂhﬁ ehargcmd phase gdsgrdms iofl
evi ces have_ been vel oped, t C use
e duoosiial BRASEORn ST ELORTPIe PLRER PS s biEin
Ugnﬁaélﬁ%rold 6838, @am e Kol e gl af wélydaru gl piemz appBcatineNo.
escribed |n 4 B 0 Esteve et
T 43 i 481Gk O Dt AP NG RT O 040
entifetyN1i n et al, each of which is hereby incorporated by
reference in its entirety. 2.4 Superconducting Fl ux

Devi ces Superconducting flux device designs are

described in Bogksugfconliuctihg@lox Debicés Tr ansacti ons on
Appl i ed Superconductivity 1, p. 3638, as well as

Vak Fjubéte@iduding 1120 Qésace%é@lgx&mr@des&ﬂadé deetag/ & azs 1 9;93 IBBE

357, .each of geref i orpo ?P ce
TR GR PRI PR e Pl £ SR Gl 2067
RERNI groL0desi HScsBY S SBE,eﬁcldﬁSrdﬁdhbehhrehynn:dotmblraml ’ttyh e

rsistent .curcent qubit. a b

rolSETER Bl S SR A48V o rbp e oSheedlsgier av% €8
ddRerite @ VinBudify thd b3 8ent whiiremh quibite SheMebiy er al., 1999, Sczence 285,
1036; and Orlando et al., 1999, Physics Review B 60, 15398, which are hereby
incorporated by reference in their entireties. The persistent current qubit consists of a
loop of thick superconducting material interrupted by three Josephson junctions. The
critical current value of one Josephson junction is designed to be less than that of the
other two Josephson junctions, which often have the same or very similar critical

currents. The persistent current qubit can be built such that the loop of
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i ncorporated by reference in their entireties. The
persistent current qubit consists of a | oop of thick
waepecanducti ng material interrupted by threePCT/CA2005/001987
Josephson junctions. The critical current value of one
Josephson junction is designed to be |less than that of
the other two Josephson junctions, which often have
the sane or very simlar critical currents. The
supREchiSdtiap natuinl @némppudes b salharke(elgyiah epodhatehata dffie
|l 00 ofsupgyconducting mat eri al enconpasses a snal
migrogigte g% an approxi mate area of 1 m croneter
squahepdrsistiiteupeat giskt les tolerencetivhesl bétivedra) mobrecmrde e

ti of between 10 nosecon ( ; . e,
oD TSP e oS BBy Pict St n B2 158
and B30y eanid] 2003, iPevens Ret:z‘eﬁlLetteZOﬂS P9 PR§.edsofRéudhanhereby

Lette ac

. rs, 91, 097906, e of ich | .
iR P BB Ty Bt ek Soph S Sl b R Eees comeri
suf)éft&ﬁﬁu@fntgﬂ%dpx irfiketktip h. cieseithamore lselesumnhtombhsqihbmguh@iﬁps
I nterru nore .or .l e an phson
St VO o do a0l Ply TR BpRt SIS By 9300
2088\ @Mve B0§ 33, Fiidibdid heraliydndarpestedby referaks inZBd0sntitgtieur e
406, 43, whigh are hereby incor at by, r. e in
¢ helGedomeire e 8 e Tar sl VB PR Glorind Bethenite
to %@ﬁ@é&ﬂbuirﬂ@e@ fidldsu X hatey i eegndtiodicldawtéch in bemegenous@vero
onpgengus magneti.c fields. Th [ a_m tic field
G AT P BBNOBERG AL 004 T hac st g RafGREE e
dedHcadAR eRtnifl€ off d gtxdiclRatiic devinie lid desmibedifnf (@8t PatdneNquant um
state of the deyjce. exanpl f r adi e
3 P sk e TR R T P SR
GRaRIRBRTux\@BVichart Sishated hymbrdenpoelatved by reference in
its entirety. Gradionetric flux device are discussed

in nore detail below. 2.5 Information Device Coupling
Regar dl ess of whp BifeiygndievicaiConpiig on devi ce is used

t o constuct .quantum.conputer, it _is desirabl t

t he Begrglertfi V@’ﬁc | Og dorgation device ésnlfsﬁdrsﬁocc gﬁsptrﬁ?tga rq%aﬁt{?rﬁ
cd'ér{ﬁ;%aa@:ﬁ dwdirable ﬁﬁﬁiéle Qifdsrﬁllaﬁdar{]ﬂea@ce?fuhecduhﬂb]hgommmer »
_Such interaction bet n the i r.mat i.on.devic of a
mEfE?éﬁWl}]iW%g ﬁ*ﬁ\ﬁf e Ciogtrﬁgﬁg FEBE uchén BT bﬁ%yeelb@% endi ng
in@mbiiael RIRE Flaiqihtur cbri@ite i reforragiol as goupbith odepending dre
.used. Furthernore, .a system Ham | i.an._can ed to
R SRR L AT Yl i
LIS AIRh ATt SHERd 0 dasrivetht stass dfhie infotrestmatdedos obet ween

t he i nfornmation, devices... x- based

I n. coupling.two.fl
TR EY CTRUIFE 85 W! AP IR b%@%c%%‘%@&a %tt]%iedré\,m%sh e sign
of  t1H@ogMHP ki Bui-Brs €T Apdré@iudting idfenbiiet davickiatopdthenrthan
determ nes the energy | ands of the s stem
G RGPS RIS GRRT FeioRE A ECIBEY ng

laﬁ@s‘bé{&%'ﬁthe system comprising the two devices. Generally, the coupling between

two flux-based superconducting information devices is either ferromagnetic or anti-
ferromagnétic because flux devices typically interact via their respective magnetic
fluxes. That is, a change in flux in one information device will affect the flux of
another information device that is coupled to it. In ferromagnetic coupling, it is
energetically favorable for a change in flux of a first information device to produce a -
similar change in the flux of a second information device that is coupled to the first

information device. For example, an increase in flux in the first information device
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two fl ux-based superconducting information devices is
either ferromagnetic or antiferromagneti c because fl ux
waelewcoer st ypi cal ly interact via their respectiREI/CA2005/001987
magnetic fluxes. That is, a change in flux in one
information device will affect the flux of another
i nformation device that is coupled to it. In
ferromagnetic coupling, it is energetically favorable
will Qhus@ af HRRER ih Buf InU¥e @Eor ifibinBhioh Hév@feﬂﬁ{eh% device to
produce a ' simlar change in the flux of a second
ferrorpagnefiseilosrugledi Behe spdirferameaptin @ep, the cpwrlingwild gause the

opb@sflt@ B bothe qgﬁﬁlé&%w’é@ fo.£% 80P | r8reaRn th ¢ R ASACcd 1Badk hdix
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By GlfRARANEvbRBle] i isGRUAR (B thel flarkthif spdnl pleREStOBBENST | C

case, the coupling will cause the opposite effect on
spedifec @aﬁgﬂr@t@n&évﬁueeethf greEgy iflopier ip %Wé%%@nﬁﬁ‘ﬂﬁh@ than igg
mﬂggb H88ds to a flux decrease in the second coupl ed

device) because it is nore energetically favorable. By

eneAgiexitiagouplinesghnmagmevidgs thejabilifstqrveryithigtrepst ofthant um

coﬁﬂlﬁfg%@@w@é@fnﬁfrﬁxaﬁ& RGickNsAt SP @&prlhg:be@@é'bfxﬂsgéﬂ Bbicen
because the energy is [ower inthe spec

altegniitar.of/ar svaieh theen; of thscRwing éﬁwalﬁua*t ﬁimﬁs By switcking| e
th& Qéjrp&l)ﬂ tﬁkgco%?llﬂfggg 1595&}’1{' @asnd tklfe &'lellﬂlitn? btReMAtg ihBBnation

strength COUp in ween I n Ornatlon devi ces,
degiges is mche%ﬁ@m ifTEpIsEReHE EhandicfeHOEpRIEY VifeVEi§et her ,
\ﬂﬂ:ﬂ{ng fheST¥nto? 'Ehetcaﬁplrﬁlg, oHcifebit tldgel ‘ﬁ@é&ﬂlﬁ U&nﬁﬁiﬁ?@ﬁﬁeiﬁ%ﬁ

evi ces. g switching the sign of the _coup
i

copgmating shegific lqaic gyipe seh ap g]@'g gqgeeqle\ﬁggﬁ n(,%lourge etal.,
20'0@%%%% %ﬂnﬁﬁ%@@@@ %hﬁmsth‘éﬁﬁfjmt:&gw Seafc8 Bfr IReNetd s t O

|-ferr netic or vice versa tch I Ng the Slgn
en@fetbt Hevitebing rhewgunhﬁg sigp B APHmigsHe qUaRR: CGH%PBWF&)S]WS ng is
gl‘&-ﬁ&fﬂélﬂbﬁl@}r to %Bﬁl'gg gl‘rBIUeﬂlg thl%ﬁ@rg kd; %e?oiéf@glt)fg Q@a‘hﬁzﬁl coiﬁ)%’fér as
ort S GUaORIG: CPRRNIES B OTOBEHE YRR 155 tigie it formation
dekzﬁg gﬁ&’fé&% 89 B iR 8HE EevicBs intaSuiinh tE&hYuterPAdhieAi NY

e coupling sign in optimzation quantum conputing
eagli infmeicagewiee i tesgebis cprispllebly pruplH iyathrestne fEet hat ar e

info P BB IOV VEH ase quantum conputer onto the quantum
conmputer’'s Infornation device %Wld Here, the term

i nf dn erettprypseaietioncal tgrHlamilemay of tyoflux wymation;dsyissnat i on
coqﬁl¥ hér, N5, 3 8“@@1&%%%“@%@ »k ‘Mﬂé Gé't‘w@éﬁ%o devices W11:hd

I on devVi In the set is controllab y coupl e
a ‘taoalalt J healsfb-fm tointisate thefstiengtit 4fdhe coumtinge Whenv/ire), st |

COU@%R%Q?M]{ECL gfg%ﬁ&&f?g aﬂ%}x&?ﬁt oge agﬂgﬂg@lnan?r eltréﬁ{z?agﬁlleﬁ*@(

I'cés cou her
couplmge Jérh g e’ bsmr@malszthrr@mp«tucn@tlbetqme-ﬁ megngrevi ces

stro%er ferliOﬁi%él#C%? ﬁoqlpﬂ%%ﬁ\’ﬁ o) £ Wgegé @ ng Eglﬂllgg.gflﬂfs,esv&@ﬁng

the sign of J switches the type of couphng In the general case of a two-level system,

IS

ferromagnetic coupling implies it is energetically favorable to have parallel fluxes and
anti-ferromagnetic coupling implies it is energetically favorable to have anti-parallel
fluxes. An example of ferromagnetic and anti-ferromagnetic coupling is coupling

between two flux devices with circulating currents in their respective loops.
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coupling is anti-ferromagnetic, with a higher J

meani ng a stronger anti-ferromagnetic coupling. Wen J
waostobmsecoupl ing is ferromagnetic, with a | owe€T/CA2005/001987

/ meani ng a stronger ferromagnetic coupling. Wen J =

0, there is no coupling. Thus, switching the sign of J

swtches the type of coupling, i the general case of a

two-| evel system ferromagnetic coupling inplies it is

enerig @rtogighsticfcaming bl dock@ish aypRrepRduRtihgedurdehiix @ Firsdind

.anti-ferromagneti c coupling i ies it is

indinin qeiat PO s B S hs B ieiog SisEehCip PE O uxes.

erﬁmeﬁiaamwi@rabte tﬁﬁ{e{d@[ﬁ&%@?&dk@vm@ t@ﬁbe&?lhﬂucﬁgg EereRginQlstdond

L couplin ]S _Ccou N et ween u V] Cce W t

i rwgﬁacr%%ivﬁathew? gl?eﬂcatlwaovp%@ﬁ%ecffxfﬁ'\;@%oﬁiga‘fﬁﬁe 2

inf fe SR PR LSling PAluh BB locRwizt Qb ERIcHNREERIE the tfird J
currept in a first_ information . device m%ll cause a

devpeseRiheaise %&%@FSE%W&WEF PYRFOBTICERE S5 R PRBE

cIRARGGN ifgakdble thavla@Rlvee bliRftoadR Bt elentth @kedone
in a secqnd i rimati on devi ce

superconducti ng, curr.ent X f
devirst O|n§£€f ?Sﬁ‘%’g HWFI%QTQIVgEﬁﬁﬁP g ‘E‘Pf%wfsier st devi ce.
s@@ﬂa&!ﬁas{ﬁ{lgyouf(&m il e ﬁﬁkﬂﬁﬁﬁﬁgﬁ&l 0P hiilNGaketn qounterﬁlod]fwise

count er ¢l ockwi se super conduyct i current in the first
suegpruc e TRl e SRS B EPBE RIS “WIKEIE onduct | ng
supbich @Rt tideQulent iothe sRBRT Getfegahighedalpiablee dbfian a

cl ockwi se. superconducting current in the second

Fgibg. dpantichireriaengiq fOHPIHgrgcounisTelaet VIse SHRPRRGITERS qurrent
inGRIRsE ddgice HilCmalGkaMI SR wEH PRJcfondlidthd AiGretihdre Blerdaficdlie
first infornatiogﬁﬂevice wi. |l |. make a countercl qckw se

fagergllp 18R 8 GeRtHg O LuRSe SHReTGPB ik BBt i of SESPRA 46Heabl e
t harsuderebriakiigSFoSibEeh 88MdY Edn BRGndubiiveBNdouplBd tnhedigsecond
anti-terrqmagnetically coupl ed device ﬁgrtherh ip
AT (efSer FIBRRIGRE IIE Vgt iy DU bRt Sheorapr Facally
nct URRFOBBIE Uedahing tHathhé Sngthidf thaRodpling targleMeLily Bk hitersmrk e
a cl ockw se superconducting current pore energefically
Opeatydsr fisParling A deviess FiPes TERNALTHIE LB EESHgpnce
détel @BQUID. t he second device. Superconducting
i nformation devices can be inductively couplegﬁin a
di r d&PQHER FeriyRetgensititp fAGRFOME). WHELREAEATLGE ¢RPt ce)
sridit ctha o8 int RS KO 8B, i @xdrSplé, YRS FatchyYNS B1627,916 to Amin
contr.o

| abl e, . meani ng. that the strengt he .
et @bupshirthi hERHBEOTPRRAT P&re@%enﬁ tnelfSéat.lre%qg %&J{%@mmes
a SupbRbAdIBifd 160D iHRMuREBDY 3 1daktioay gﬁ%gﬂxs&iﬁﬁ@&i@ﬁmﬂh&&uh@ﬁ

guantuminterference device, or SQUD. A SQUDIis a
flewipe nghe Swpreradueeten il thsmd IP capf birserdmsnd of eversh
difteleRGhans 88! ForGRAREE Shd dirrBBEREhd Kiakl U an Be&tivE Biix

exanp atent No. 6,627,916 to Am. n et ah,

xanple, US P

pagttiors qlese freihe SR Ullhclorapeiher BeicUssnican & Wited usipe f pugtent
i btk 8tire cOhnebdl 19 tROSPUITS EBwPexaMPRE 6OV g difeOR

interrupted by at | east one Josephson_junction. The
the way they are biased are de-SQUIDs (current or flux biased) and rf-SQUIDs (flux
biased). SQUIDs can also generate flux in a controllable manner. Since flux devices
interact via their magnetic fluxes, a SQUID-type device can be used to mediate the
coupling, like the scheme suggested in Majer et al., 2003, arXiv.org:cond-
mat/0308192, which is hereby incorporated by reference in its entirety.

Mooij et al., 1999, Science 285, 1036, which is hereby incorporated by

reference in its entirety, propose a type of coupling scheme capable of switching the



10

15

20

25

30

flowing in the superconducting |oop of the SQU D can
be biased in any of several different manners. For

wW@x@ajpb®’s0o t he current can be biased by an i ndurCT/¢a2005/001987

flux positioned close to the SQU D. In another the
current can be biased using a current bias froma wre
connected to the SQUI D. Two exanpl es of SQUEDs t hat
differ in the way they are biased are dc- SQUI Ds

tyé@é&r offting %Etvjeéxyﬁvohﬁtﬁstﬁmesa R wher, 3abdi s (e diavabiogad) -

can al so generate flux in a controllable
is mﬁh@feﬂogﬁméc and petifertamegaetic SO AR VPGS thatapiwitchedynet i ¢

szxdléll s%mcﬂbﬁgtjérg'r Ly B‘earﬁ%y &F&, ofplint ?ed o8 tsﬁecfr%hﬁére t he

coup I ng, ke the Schene su gges jer et a
th@e @310 wayXp vomplgtxkyﬁmmff/thmslmzn Mgriich i s hereby

|nc e |
4 DUILEL O b el b

dewrcc o Glerkateed., @9026 Efusicaerdvty §102, 4 7% fithichds lgerehyrlwweat%d
b}I %%?engé inGf LéH\Jbzleft}g ﬁ§6@ﬂ? c&?ﬂ%bégﬁ Qe @y DoNQGubihet

ween 't wo evi ces. mever
agaiisit is lnet h¢tvmm fatontapmgtic pnd dngi-famemagheticfeopplinga éfnéP‘?Sélb]&n d

to%“a’%]herﬁsgﬁﬁﬁgﬁ oﬁoypgﬁgggd{fg &% QJE?Jve are sw t ched.

SW . sz and sz (r) sx
cou m hmgble Swacasfrphérdhdederived it ilbppovehdds 8003 Hd way t o

T;%%%BC s%%ﬁg&'{a%‘u?&fcm &‘?? < llR h I}ébrf&é.by nigagnorated by

een pr opose
re&nmch gritscotipty. e tdwable 8ux tm@;foand‘kr@f Bilippgv, e 2h octies @hifgj ca

A S r.ated by
s lgPLE adritor b bl 0B Bobice STRERRAhARRAIPRAR0 20 o t o
gthﬁlembiylp,emd funeloidify! iy m@levmby ingpaparating chmpevd junetions avith
[ n |
e B S e e S ST
qu‘eftcp Tohgnetamesas loi agher devican HbWever,lﬂwlaltgp ans thet irepeded

creaqgsctﬁ%frgglaﬁgf Fr%ﬂ;r%ﬁ& Y¥laf 'rctm f the %g&&ﬁemé 5\%% cé:l?lrq I?e:": aﬁtelr gg ;c’/

tramsfoomeo rTatséchdb;o m@b@m@nn elamﬁalmnsa enseifiedeqpplinggrengihabl e
f h

Al iy BB TP L B2 15 i i
sylsteBR &ﬁﬁhranﬁge itrsiek Hf desiced. icastl;yr toel rtlamﬁcbrmems batedile, or has two

t bj | ' hi d
el PEis MR i DAPERRre R SRS Ao B

t r ansiottieiipe oﬁgradmmhmaﬂmdtrmfonmIMae corsidared du@dsencHi 47| ux
o PUbF EPtiB B RO PRUPERET, B BB bl B8 oy HEKES

ith EADiERL Iaelobﬁblamcaln gacrhfarm hethe gzadhlomaet ¢0|uple$ woops adjicenthe
t r ansf

R T e U e R O
iGN BS A58 démnbedh'ﬁmomﬂic erd D00 BrphinbleRasi0IBE0;

llfq\éng{[g%f;xerFlg IB?O éﬂ‘f y rs{areﬁée 191t(1etv r?tlrg‘ty iﬁaﬁédﬁfd et a'ﬂe

the coupling is mediated through a current biased dc-SQUID. The de-SQUID can be

tuned to switch the sign of the coupling. However, such systems are expensive to
fabricate and cannot provide full flexibility in adjusting the strength or sign of the
coupling.

Coupling flux devices together using a Josephson junction galvanically

connected to both flux devices has been proposed in Levitov et al., 2001,
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energy mnima, which is not preferred for coupling
flux devices together. Another type of gradionetric

wo baps/osamst or mer was consi dered in Cosnelli ePCHICA2005/001987

2004, ar Xiv.org: cond-mat/ 0403690, which is hereby

i ncorporated by reference inits entirety. In Cosnelli
et al., each armof the gradi oneter couples to one

adj acent device, and the tunable elenent is a single

ar)@l? '3%‘(7%)%@ Iﬁayﬁlﬁk?&ﬂ ahd Bt 0003, [Bhdub® ThesTE DeBNOLNE ity

I D coupler is described in Plourde et al., 2004,
of Perpap ,eWé\Pf@fWCBlSﬁEmbxmsmfﬂ%Vé‘ffelie%ceﬁ%i"%wmty Bot

refm%ﬁ&% Wﬁi ﬁﬁjghpﬁér qus%ﬁl%eﬁﬁmbﬁbd cbgplﬁgta'cﬁeﬁﬁ ¥f thidd JHdpsbale

, the coupling is di at e rough a current
juristion Bek @@wwqﬁler THaweet, 9@3@1@9@8&?@5 Broperhedrables @i t ch
op L D8oSdr 9l Rlipiinde AGBURL (B8 of ddAYEERg2eSHE h 1B4E téTERnRE B
expenS|ve to fabricaté and cannot provi de ful

alwdye XomSiand eapntbe gt g&t i ng the strength or sign of the
coupling. Coupling flux devices together using a
Josephson junction galvanically connected to both flux
devi ces has been prgé§§éﬂmﬁheéﬁbltov et a

200 Jéus ﬁ{eé'bHvleeQ:nﬁSQ&ijlnﬂ'i@étésothéﬁ%gﬁﬁdev@@fo%u@hﬁg 2002,
Graduate Thesis, Delft Unlver3|ty of Technoltﬂ%ﬁ?g

supsrcopfiicting ingormati abieviciciaggiiis ateve sy IROETRFE B
de%ﬂa‘a'n{ Eﬁﬂr to Rk oSt &N §RartOVrpusih g Ol 1815 tBEB Bxists a

;gf on junction coupling a chain of three Josephson
nepdiindhd asiiobrayide ays eantol qygehmequplipgRpEVesH SURFETOpARsting

mfoﬁﬁeﬁ{oﬁ ﬁ%ce@ r %@trlk HesGBBR 6 1h BaORQN@RENRNP fhetfféedom to
coupl I ng. t he type of coupling suggested

chirfge $he strefgsh @m@@f the cafrliag Setweep sugsrePnd g dn B@laé'ﬁ%t
deQw%s asovefl asSIh@EﬁhSrfto Eltft%eiﬁéxt shi¥Sthd SRpRRVBWERSIEitdat | On

cates, theré exist devices for coupl i ng
superconductlng i nformati on devi ces together. However,

| nprovenent Bk'nq BestrREPHONOR G3IH BRAWINGRDer to

real i ze cost ective quantum conmputing. Thus, there

exi ﬁgﬁreQArlﬁxﬁgatéﬁwB BeorRhtionldeviets M\ Rl cBYliQg Schethe @l over
t he coupling between superconducting information

%dé¢m@é§mWN%%W¢@ﬂ@@§ﬁ%%PW§1coupllng that woul d al | ow
for the freedomto change the strength or sign of the
coupl i ng between superconducting information devjces
as \eures AR and& iHpsrate eqpPEng dgyiess GEIHRIS SRRENE HEWHERIC ng

mﬁfécm%@ﬁl'antg%er Rékent rvedBBh EF DESCRI PTI ON OF THE DRAW NGS
Figure TAillustrates two information devices in a

dual coupling schene in accordance with an enbodi nent

of tﬁg%rel TN RBEEQRo iffra R ediBs BNl Goldlihgishéms i@

coupling devices or coupling elenents in accordance
accordance with another embodiment of the present mvention.

Figure 3 illustrates a two-dimensional array of information devices that are
coupled to each other using a dual coupling scheme in accordance with an embodiment of

the present invention.
Figure 4 illustrates a two-dimensional array of information devices that are

coupled to each other using a dual coupling scheme in accordance with another

embodiment of the present invention.
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wi th enbodi nents of the present invention. Figure 2

illustrates two information devices in a dual coupling
W@ edvee945m accor dance with anot her enbodi ment PET/CA2005/001987

present invention. Figure 3 illustrates a

two- di nensi onal array of information devices that are

coupl ed to each other using a dual coupling schene in

accordance with an enbodi nent of the present

invention. Figure 4 illustrates a two-di nensi ona

array of information devices tha %re coupl ed to each

ot hefiewe? H’gsﬂélteaamna%%@wlmﬁae@ewéfvé pices it @A eV B h
acabAkilRe tvitk Rb@shdaRiht FhhetREenPhes@AML. | nvention. Figure 5

illustrates a tunabl e coupling between flux devices

using an rf-SQUI D in accordance with an enbodi nent of

t he PERSERta okl 6fthd B fluki @bl @ SOUIS vaés@ HRPPpiRl ettifal flux
.total flu | D versus,the applied externa

of an rf-S
infaeqprdancs wthagepiotimeniPt the pcRiyEdioRent of the present
invention. Figure 7 illustrates another tunable
coupl.ing_hetween flux devices using a gcf SQUD.in
accorgan Eluaien aphepnpabisichuiipe btvieh dupdeyicessing a de-
SQUYS Milab Qdandal viIth 28 eBbédmet & B Resett idvBRionor mal i zed
external current bias versus the external flux bias
for a dc-SQUI D in accordance with an enbodi nent of the

Pr es@fiire 8 R\A@RHph Bfthe KorEAlZ8] Stekilal dtSrbrit Bla Serdlis tHeRABME flux
coupl ween i nformati gn devices using di.rect

I ng bet; !
b%@ébi‘?s%%‘j@n‘& frogiiacs wPh ihgnhoAimerl b g Rrre@ R eHomin
enbodi nent of the present invention. Figure 10
illustrates another tun blg?coupling,bg%yeen

i nf oFiEHE 7 BIHStEsS p BBRblG FOPRIES AFtPerRin T RE RIS S e Mgt

JREPHRl iR tib coBSmP irttARE @Y With 2 BmBsHRae BRR prédenttii@ntion.
present invention. Figure 11 illustrates a fabrication
nmet hod i n accordance with an enbodi nent of the present

| NV emkiro10 illhduk®s mehert@ase chipim Rivieek BfvBhatlod devices usin
correspondi ng parts throughout the several views o

digggeoprpasn fystiongouphpgyageerdesee T ap pRhodipteehe! s dreshect

in9énsbhe present invention provides a structure
conprising a first and a second flux device as well as
a first and a second coupling elenment. The first flux

devigand aSilidrateSABbricatidnintefiod ki eordinek i CRABEHIh &R 6f the
that, are in electrical comunication with each other.

preseat iBwEEWd f 1 ux device has at least a first |obe and a
second | obe t hat

Like reference numerals refer to corresponding parts throughout the several

views of the drawings.

4, SUMMARY OF THE INVENTION
One aspect of the present invention provides a structure comprising a first and
a second flux device as well as a first and a second coupling element. The first flux
device has at least a first lobe and a second lobe that are in electrical communication
with each other. The second flux device has at least a first lobe and a second lobe that
are in electrical communication with each other. The first coupling element
inductively couples the first lobe of the first flux device to the first lobe of the second

flux device. The second coupling element inductively couples the first lobe of the
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are in electrical comunication with each other. The
first coupling elenent inductively couples the first

WO owe/06f45¢ he first flux device to the first | oPer/oA2a08001987
second flux device. The second coupling el enent
i nductively couples the first |obe of thefirst flux
device to the second | obe of the second flux device.
The first and second coupling elenments are not in

il %Q(tcfekri‘é@go tﬁ@mazlqﬁal 1684 c?f@rﬂ: s%‘étotnﬂ ﬂaﬁaﬁ/mt ae firsT hel sfewnlat
and second coupling el enent eag ve [ si_onl ess
CR e PR B 1 ISR OB Icg o Thshch Hg@gﬁ@e first an
seBoiIQdipRR emeht@cH hdve b dinhduotlenineactand e wamend.sf | ux
devi ce are gradionetric fI;x,dewgﬁes. %gﬁsq$e,
angrhy J8 porRsRIsbOdinppts, the fgsh By ¢qvics ARG SSERRGHF $3158 &0f
orhiBmEdit Bt Bdwioesdevi ce and the at least first and
second | obes of the secong flux deg'ge %%%%_h%hg a
di f flB p@pg ereladEninis e gt ledst ishand sergp B’ PSR SY HXs o e
AR QR M8 B 18ast HifiCaridi sedvhd LB IR &Ine MRR Hewdde dablEhaes ond
_coupIan»eIenent couples the first flux qf%jce to the
diffgreBiircplping G CanigrighalTene eRpedimeys, the first coupling
eléfibit of BF ERBROARbIEAIdYent dduplRiiBe ERpAGH d8vite to theechhd St
coupling el enent_has n coug%Ln sﬁren%th $nd th
flaedayicg feé@wgpqualgq @ qRtiferqmasnetigglly: {none H‘&?P 1H)§nt, the first
cotblif\Iddent hdd idQEBIRE HAALIRAY the séddBd sduplifd lérBerh Histaher

conprises a switch dinensioned and configured relative
figigy copplingistretetand second 1 ux devices such that the

SW t15 Borb @ BJaBades, fhe Shrdthfe FRthWHoRPrike b Bwittiedifklissdne@nd
second COUf ing el enments have stren

| no,cougllﬂg Eth. n
angsepfighasiogtarp she firpand seoopd; fixdetipgssHerthE Sppsrich ean,
oM b Gihte Gl RIS bon it BRGNS QAT iRFhe eRIRhls Mevelrd colifting

first and second fl ux devices such that the, switch can

X
steggill & warsEbAdigents,iag stapredusther GHRRTITCY LTIk EngpsipRsd

RN BAFQNI1a S RUB e Torsth € BRIk Bed shilnthitehLsuih tag
strength and a second state_in which botgpége first

togelg beeeIIE bR ntieh Rofteiie Ershapdacsond EdRpPe figments bave

a ﬁkirteecr&)g{)lhlg strEngBIOAR 2200 RA AR AL Shich Béth telfiét 2605HbddNT
el enent, the second_coupling elenent, or both the

cqupiag clermu hagner @R StaMint he second coupling el ement
CONPhisSiRe EmbtinGd Be ik c&@ﬂ% aehaitheREshd cbiiRinki r st
n

coupling el enent, the_ seco coupl i ng Fle nt, or bpoth
elerentsqrbath teasfirs SonpfingslemenianA eceopt FHEIRS gEFfBﬂF gomprise

2 8QRBUIIS E1nABmE bmb&iMbd, teTirSiQbBbliaF BlobTERE Secold@upling
structure further conprises neans Ior controll ably

elementry bpihdhg fisicqoupling3nd srgond corRiRE clemerts SURRFE 28 Hupl i ng
S6UBTEM som8 tmB&Yiferdid) @hel stligthire Rtche SRGRACks HVUAR] foNJ

el ements. In sonme enbodi nents, this swtch conprises
capirahably ring thei fhig coprbing plegentetheiscsRnd sRBPLEG GiSPIeRy O both
e FRAEIH Sc i chii@ng bRGehib. Bilso@8 nBREAE, this switch comprises
means for tuning the first and second coupling elements so that the first and second
flux devices are not inductively coupled to each other. In some embodiments, the first
and second flux devices are superconducting. In some embodiments, the
dimensionless inductance of the first and second coupling elements is between 0.5

and 1.5. In other embodiments, the dimensionless inductance of the first and second

coupling elements is approximately 1.

12



10

15

20

25

30

waelewsoess@ar e super conduct i ng.

flux devices are not inductively coupled to each
other. In sone enbodi nents, the first and second fl ux

di mensi onl ess i nductance of the first and second
coupling elenents is between 0.5 and 1.5. In other
enbodi nents, the dinensionless inductance of the first
and second coupllng el enents is approximately 1.1n

s onesepegmbedimsnts tthesstmttnredintiree cdnurisked plantiprdfsles a

dQ'que,rsaJhE Eﬁﬁr n_&rrcgflff& dgxg%e's %&%}i;nstm %heg%irsz{ a%ldlsg%Pg fﬂyﬁ l(c!i%/\ﬁe% es.

devi ces co 1 SIn secon

Sgefe¢mindiremiisfiarites céroprish e plucadingpofi coeplmg dbdical E’aqh dﬁone or
n‘chéJ&Jugf% S5 e Ty 8 e Ol TR SRR il U ©°°

ura Ity NG devi Cas ¢
cpinlipg Plemyntef Fusbapiorng ﬁedt eomplitsdeviearin the prmﬂmy oia:oﬁlbm@t

dg\g&bg lcb grls‘é?ﬁfe ?]?S’[ Luﬂi stegoﬁlg%g%g%lﬁ I&l%%er?tf flescn egl E%@d{i%” G es

g(‘grl ses t I rst cou
Mg dheatoctate fiuthes omeprisestostamd mbmhng Hevist douxphkih@

r device co g
““ﬁ. P e T B B R A B o B B ¢
s¢cpuglobesy ilz suck gmpcvdlmemg tHfei thisd coaplihgsbmmntcduples the firsd ldbac h

oft%ili?g?sjt &e%l fewﬁtﬁejﬁr&ﬁ?&oﬂ%%ﬁféev Ce{g\%c?ﬁc(ﬁﬁg%es t he

coupbieg dﬁm@rﬁ eouplis e skdomst 1abe of the figsn flut devide ouithtthe ﬂx@ﬂpbd ¢1g
th%'tﬁ%&@%@' es the second | obe of the first flux

device wth the first |obe of the third flux device.
| n slgreme abbuiments, sne ameroflundevize intbe hawlity ©f ﬂumdetvh:es

. ' | t.h
1sQ:'oﬁ;£l@c!¢110 lférs&lg ggfé)u{jﬁlﬂ @%&ﬂ dtﬁ.?oﬁgh F] rerétocggll)hnﬁéie&lé{;ﬁ% gjg
Plurplityred cglllnluna Héviges.olin somey pltnbcpdyndes; b Elasiltdnian6aproblem to
b@gg@‘gg cmgrﬁaepgg%ﬁﬁghlt hﬂ@dl%po 5 u‘\k%evpr oblemto be sol ved

can be nmapp ity o '6F" f1ux devi ces.
AnotAretheasiped of the ptekant pnvemmn prowml\iem dpparafis cothsttean

econd i nf ormation
ﬁ%eVI K %E(g%d Vﬁ\gﬁﬁgéﬂ (Ea}:g%:cgu #él?és ago V}i)hné 8v1%?ong%rﬁ1§g SREOTo
mpgreeudiog plemaggs.eTiemenpling dE'hee is omﬂgmg taliddicti®elly Souple the

ﬁl% #o S%B& g:fcgrgxaﬁ&xddé% EX&JK%S 90% he f il S egtafg ?ﬁ ﬁgﬁer

rmation device devices tog et her Cou?
Cqﬂéwre(éml switfluthe frglnctve mbupdjog b@jwecm f&mmaghettcrmwmfguﬁd hntie

f
B e L
mimeo rkral pmh@dmeﬁ ini the eouplinyt devict Bislaglim@Bivaless Each
t h I d h
infRRLL B 1FhEREN 0 B o SRR PR B 8 2. 1
cosnlm ebamisot$icnmsistsof twheoupling ademamrtiat amu:mctrmgu}eﬂnmm s
I | e
A0 B Sl M oS bR D8 (SR Bt ormps o
S“embﬁdlswﬁmrg th¢ inductivelpiupling hevden éerfoutativgic copipg hxemtia

ferromagnetic coupling of the first and second information devices in a controllable

manner. The switch comprises means for concurrently causing: (a) a first coupling
element in the one or more coupling elements to go from (i) a first state in which the
first coupling element has no coupling strength to (ii) a second state in which the first
coupling element has a coupling strength, and (b) a second coupling element in the

one or more coupling elements to go from (i) a third state in which the second
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switch for swtching the inductive coupling between

ferromagneti c coupling and antiferromagnetic coupling
wo@booblne94b0 r st and second i nformati on devi ces i PCEHCA2005/001987

control | abl e manner. The switch conprises neans for

concurrently causing: (a) a first coupling elenment in

the one or nore coupling elenents to go from (i) a

first state in which the first coupling el enent has no

cEPHRY a&eerﬁtha Phﬁg@tréﬂg'tﬂ toqii S amidstst ai Whibithelécohd t he

first coup enent has a coupling strength, and
c‘(%im%el%%%ﬁﬂs I&ﬁﬁ’ﬁﬂ’ Ingsteefirent in the one or nore

COUPIhisBi@le EhBEMRRAESs, (R 39 ahd &8d:(d ihfofmdtioh Hévx&és aiee in
whi ch t he secondcouplln el enent has a c

gadiomaicilug geyiess) Insoms srbpdiments.gashFolipl rn@r? @t @gBam

p&ﬁy@bm@c@bﬁl@a&mmn i7e) oﬁQUﬂhbf@ go@umg BlginBnts bdinSREE:
mbodi nents, the first and seco i nf Oﬁnatlon devj ces

d%rS@UaP -l S Embadiments, caehponpling e eﬁlegHﬁé ShbBUH e

c&RGhy QeHM 1 AALELHRERR O tduipRhd clétend RRIbEibea roBQUINB. In
coupling elenents in the one or nnr coy Ilnggelenents

SQUROdBRenEs: the camlipgrievias CQBRHC MBI LS g HHetve

cEPURY bet@edd tBOBIE ank Recdhd mﬂfrm@tldﬁQfe{'lb@éh @fd dfhan eapl i ng
elenents in the plurality of cou el enent s

R BRAYPFS ﬂErFOPEm’S@KIES COPYRTISSS e b AEQuPlipp girength of

tHe QAR ERGL o HSI Mg GRIWREHIE KifseSndFB@AS idfmatibiidigel he
i nductive couplegghbetmeen the first and second

i nf of $rARPLRET 2aReGt o dhegpesgi anvsrion nroyvides sencthpd OF Skiking 2

cdupfin Qéﬁxpéénriﬂfoﬁﬁéﬂoﬁ w&meg qﬁgudm%amamﬁts LikeRg @
coupling strength of the inductive coupllng bet ween

i Qe camEe SRRRISAA PR ORPFD: ARV RHRBIOE KOS SPRPTNB her

cAPREEIeREntd. N8 R BSRIA 2 HRYQNDIRI bl AYindRScoapliidedde Bf
swi tching a coupling betme&g |nfg)[b { g% tm&ideV|ces.

turped Offe Fhe fiE a9 P&"s‘em?q’i%mlp Frat 3 st Yl ®8s are

SRl Gid/ReERRNa BEshRbe MthsebHdRf tHGwS ﬁﬁfblﬁﬁtl@lﬁd@fckés Qg
coupl i g el enents. In the method, iIst co

segp plingrelenprat pdlpAorppedevircs “F%edtﬁé ned Siﬂofl

elbinbi o ReiRhd £Gt 1IShEITRIN firGQH e 880 dufdrinhafidn deQlo6s \thh asetsmdst
of the two information devices with a first | obe of

lopp ef the sesprl iformponidgicssnLBe Hist suRlingelgneeat s initially og3ad

tHe QtRhd BipBh SABALNt isNniiG, G Ui aﬁ’&ééb&ﬁl doﬁplin@reﬁ:ﬁfént@f f.
The second coupling. el enent couples the first P e of

are gt lﬂ.elegmc@fcomw@m@@wnm@&a%% nBefBFewRliae Gempnty bavgaond

ﬂn&gﬁoﬂéssﬁﬁlﬁctﬁﬁfé%@ls'b@fxﬁéﬁ@g . devices. The first
coupling elenent is initially on_and the_second

couphispige enbediments, sejsiep of %‘P}l%g G e fingh gouplingglemeny

re RN G ORbI R e BB tiSst M B ihfBrmRkiee Hvidea
conmuni cation with each other. Both coupling el enents

FrrheameredhieiseloWnes on thsderond rue g eemens myafitees segons

ﬁ%ﬁn%bet&&nﬁ%fo@rﬁggﬂd%%s In oRR efibSRmEHts, b MkiNGunk is
ferromagrlleilg tandct?lle'I s?ecgrrg co?lpheng?Q atlntl-ferromagnetlc In other embodiments,
the first coupling is anti-ferromagnetic and the second coupling is ferromagnetic.

Still another aspect of the present invention provides a method of removing a
coupling between a first and a second information device. The first and second
information devices are coupled to each other by a coupling device comprising
coupling elements. In the method, a first coupling element in the coupling device is

tuned. The first coupling element couples a first lobe of the first information device
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removes a first coupling between the first and second
i nformati on devices. Furthernore, the step of turning

worotbloe94second coupling el enment introduces a sPCDOA2005/001987

coupling between the information devices. In sone
enbodi nents, the first coupling is ferromagnetic and
the second coupling is anti-ferromagnetic. |n other
enbodi ments, the first coupling is anti-ferromagnetic
vathda ﬁrﬁlﬁo&aﬁ'@&@e&ﬂu RfbiGtibSddvRES @'E@&)ﬂ@%@-lmgc‘tel'e}nlent is
? ﬁg aspect of }he present invention grOV| des a
FRSEh b SForeRBRImg Glem e e The Bt iernf the frstisformstipna

dSﬁG@Wﬁh b pdcodMBbd SMhARYINE Snforkih@ioh Hdvide. TRLC ﬁﬁg‘,gmduced
devi ces are coupled to each ot

t
b T A e S HR) P e A2B SIS e our rehetieed by ine

turig uTthe fﬁstfdoﬁliling‘élhﬁﬁhﬂ MBe ﬁirseﬂﬁlrktecdnﬂ cbipfing OeREAD Ge not in
e is st _coupling element couples a

g“Fngiﬁ °P‘BB‘8“8‘P“°PH€ qa?}g%tﬁqrnﬁeﬁhﬁa‘mha& clgpghie Biieth a fir st
dix@@@o@résstlﬁtﬂmeﬁceam id mtveABiiaam2devi ce. A second

coup* g? %qfnt is tuned. The secqgnd cou&héng el enent
couptPeEIE FROPGIERSs; hpfustspunling elempaltis 3 4 RHHER pthelevi ce
mﬁglbfmesﬁmoﬁbﬂng lBEthe bunt 3@ 8RGARE] bdpBAd Bl PResdEMAES -

The oduced by the tuning of the secon
0%% %%ﬂg‘rﬁﬁ TLSOReSt Oélwentédka%ﬁlﬁfrfguﬁme&muwntfhe

SQUIDNGd Be thuigg bf thé tirsERUPlirgRE RV theSaonliich§iingnd
second coupling elenents are not in electrica

CUBPRTGH RS A A Ria-ninggep elabcrﬁ’efwntse&e fecoBdipAUPHBE epaers iftas

db8QEIR, i ﬂﬁ&ﬁﬂ@@éﬁﬁ@ﬁﬂs{%ﬁlgh@% fhe lubdlg drehed8lINE @Purfling
and, 2. In sone eggo iments, the first coupling el efrent

C?%Pféf'e%fen@%rﬂo’f%lﬁ § ot f%uefr‘i)il%%ghbﬁom@ Febediments.densspindg or
céupling &l8h & isdn rE-RQUIS GAM the AR JrRG fﬁ&@'@ﬁﬂlﬁ or {hY Rinfl oﬁe

current bias or a flux bias. 1n sone enbodi nents,
thejspeond eRRING FATIESESTRHEE 3 Suxdiasy fu SOSQSIH@OdIaWHTSt thefistini ng

c&fphﬁ%@erﬁéxﬁ 8uplR Ul firfidn@éecbi¥BniotMidE dBfices RipehECONd
coup |ng conprises tuning a flux bias. |In sone

femamagRcHenly s2nd thpseequd SAPLES epMEH Gowles Hierirstaad gecond

lmmwcemaenagatmaﬁtumaageu@am first coupling or the
of the second coupling conprises tuning a

tunin
cur r%ﬁ‘tanﬁ‘ih%\fsaswt of thq igyengpryprovides asrEuLs PRBETLTRME Sist ande
ses&m de PP Wl a@lam @ouxo calplérﬁﬂdm coaﬂéd ol &44ni ng
the first cou e tunin t he secon
a‘@éﬁiﬂnﬂ Y BRe5H E@"s “ﬁ%@ﬁ‘@ cauﬂlfrus(cqy%a@ed forpreddee
feBrbR@EHNR A ahti-fElRndoh&ttcoGsHip Ibét%erﬁh@ﬂi%%nd%@éoﬂh f8x t he

flrst and _second i nformation devices together

devices. oPis LD carplsr hasp dimepgonese Bidactanse prtvaen &F andehtin
sdﬁ&%ﬂlb@&nﬁeﬂt@ thé fist Mandvise Wlsésrhffﬁm&;p' FuARhERANe

ether antl-ferrona netically. Still another aspect
motFmt BEeTTURRS b iadtast 595691356@%1“‘&1%@?41@? éﬁcémb%‘ﬁﬁqvé?ie ng a

conlpriSds adB&hns B ?%@l stIeﬂdon(ﬂ&WgQ@atc@ﬁl i‘ﬁﬁ%pt@@bfa fdebf SQUI D
coupl er inductively coupled to the

Josephson junction. In some embodunents the first SQUID coupler is an rf-SQUID
coupler. In some embodiments, the rf~SQUID coupler has a dimensionless
inductance between 0.7 and 1. In some embodiments, the device further comprises a
magnetic switch for applying a magnetic field to the rf-SQUID coupler. A field
strength of the magnetic field determines whether an inductive coupling between the

first and second flux devices is ferromagnetic or anti-ferromagnetic. In some

embodiments, the magnetic field has a flux close to zero and the inductive coupling
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and second flux devices. The first SQU D coupler is
configured to provide ferromagnetic or

wW@riaicAE|s0 onagneti ¢ coupl i ng between the firstPerda2005001987
second flux devices. The SQUI D coupler has a
di mensi onl ess i nductance between 0.5 and 2. In sone
enbodi nents, the first flux device conprises a first
| oop of superconducting naterial interrupted by a

befwret:s the Jigs efdhssoond) fluR €Eviedss isdn-fediem gt dn kdnx devi ce

onpri ses a seco oop, of . supercqgnducting materi al
S S RS o et ST R R
be@EBO the TR 1Sd setdi@ fluk ediceHEXRERRI T SonendbbdiikdsD
the rf-SQU D coupl er has

coupler. In sonme enpodi ments,
thet QPR IR SpwRlT AT et Home RbIERR, e SHEE Ut o ome
coRPiRel b BREhS switdA@offeitedo bidé 1hb 8-S CUNPEJuPRE with HFRER ElbéeC
switch for applying a magnetic field to the rf-SQU D
to g BypPsEPf 8 R el d strength of the magnetic field

det B @FhRembviieERE thetivsd ITUTE doviFleCio W BE-SQUIDbYREN Thhe
first anq second flux devices 1s ferronmagnetic or

0
de-3 QU IDregyp 6%.&1?55‘:“&‘.1 to ORISR AR IR gRRliG net i ¢
colipli@p Bethasn Be filstndck@9e fitd&ekd RREmt BAbdduEbaE, theic-

upl i nghetween .the first and second flux devices is
S‘ﬁﬁ?i COPRFPIIBREYRETS 81 1 Hoedne fgmidm@m wd PHE RHgnet i
defit€!1d shas edbddimentst the 98- SQUID c&?ﬂerﬁ%yhﬂﬁﬂﬁtah&’ﬁ, teRpY bNg
ﬂugztmeen the first and second flux devicess is

15 Geresn df e quppodigieats e hercpaprises gpjyratity of
fluk QbkAbR] the PluAMYQTHaR iSkicel Borgi¥mg SR El 2AB BdcBnd fildedevices
structure,furth§{ conpri ses i asi n sw&éch
as Wethf§ 3Ripetityiad SEUAR coyplery fE PR GOHBIE IS TFUCHVEY £ 1 ux
cofIUSE alddffeRend pabET v dedeta M fe plufiliOdraRIBAcHsABOIS, t he

first SQUID coupler is a dc-SQJ D couple Th
plugRlt e QY Dhenpplers neludesthe pigtrmegtiqnsd %‘FS&&QH@ coupfer. Each
sQUaDIRIMEr At b BinRhsiédMsh mdBEtiREBEREd (5 &QUPITh Bembet ween
the first and second fl ux _deyic

> . y ...1h sonme .
emgpdiBantreAths U ikeogrler BEGIRTTE Y o éQU%C%xyﬁf?éf PoEieERY i s
to proiasl fePdmagdekibl¥r DkiasrrdRAhER c@%in%%ﬂi&éﬁ itdreghBctelR \his 6f

n sonme enbodi ments, the dc-SQUI D coupler is
fluydgsfét ric and is tuned by a flux bias device. In sone

enb@dbiRnsect dfR phdskMGhvehon pistidtR h sERINRE &iBSristhg a first
an(glurallty of devi ces,

fl ux the plurality of f]ux
Regonddixcdsrins wih i §rst FRPICT gadanicly ourish i et tl?re@% es
deASes WElel fir@ S odbl& cbinpiide’ ¥ plafali§AoIEepIauR | @Efons ALk SQUI D
coupler is inductively coupled to, a different g@lr of

confjeyied drpiovids farempgnetip PraAnHriPEgmagneti caRplpe PR BAgUE he
deRbed! & dohn eRfbodideh) RO 88 SecbALAMARSict BRR comprise three

af orenenti oned first SQU D coupler. Each SQU D coupl er
JossphsonjuaptanA § HHPESWIPGHE8nce between 0.5 and 2. In
SONE, SR eRbLOBALSs, 1R SPlrRos PR Bfeel 1BsehRn Plndhidk id ¥

of SQUI D couplers is configured
a superconducting loop as well as an external Tlux bias that can tune the flux through

the superconducting loop. In some embodiments, the first flux device is galvanically
connected across a first Josephson junction of the first coupler and the second flux
device is galvanically connected across a second Josephson junction of the first

coupler. The external flux bias can be tuned to provide zero coupling between the
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to provide ferromagnetic or anti-ferromagnetic
coupling between its respective pair of flux devices.

waé\awbloerssaspect of the present invention provi BEEFCA2005/001987

structure conprising a first and second fl ux device
with a first coupler galvanically coupled to each of
the flux devices. The first coupler conprises a
plurality of Josephson junctions and is configured to
fifzt andi seenfl @k desrgR @id @in Gune @it doufling flomegnehagnetoophiing
fbetweegl th.fI%; devices. In sonme enbodi nents, the
FOPEEHAFEBEONE?f | ux devi ce each conprise three

J 0s dp ks e emboitiheras) shei fiast @l eswpisdut fitshigtekeotppn betwesmnme

odinents, the first coupler conprise hr ee )
» SORGR A Ruerd Wi & SRRl op SRARE] B B M G g
wirs, aahirditeesentidn Hebwien ieascohdhaire emin fourtiewirbeandl b fiourth
. throu he superconduct,i Qop. di nent s,
n%%%%?ﬁﬂg%%%ﬁa%gﬁgawggnﬁéwggﬁ@gﬁﬁz5%9§®§%§ﬁ§23§31across
Jaephisorsiinctos epd e sedondhaiditiinl wiestchss édch sthecwilplueforaing
t he secon l.ux, devi ce i.s | vani cal | connect ed.
ool Pl it S ol BB st Yo BOMR R i o
ceupbies.. Inkbme embedimarts, filelskcond asd thiad clreent himede tuned to
ravi de coupl i.n et ween thefits seco flux
pR b B TIBUHE R RESHEER protEleh bE el AEEERE, | ¢
cirfentliits dnd iearsaplivgtbetveamte first endwecamd fluk devdane
enbodi nents,, the,fi.rst coupler .conprises.,a first
ey i Sttt i B TR ey R e aiei¥ease,
®eide ohlrdnft that agadppoadite lethevaerents peovided by theifire asdhgdbcandt hi rd
P t,hird int t] t h d.w d
wre,. a ird intersectjo et ween e .secand wire an
o et i Qb e PR R P B R e 4R R Bl S
ferlomapnetie. Brdme Rmbbdimesdty) thei niggnitkde ol theictueent propided By eaah

Jos hsonﬂlgnction and the second and third wires
CUTeBE YIS EH A0t her wi t hout forming an el ectrica
contlagbme EAbdlimerte tieattdhas furthef dobiphiess aiphirdlte of fhuxcal

conmruni catian Wt rrent, ki | .
S a e Mol & o ek ettt ot P R3R f dvice
Thagredtutem]forcomipdses @ piutaint & cotyddrs ackding pedirtteotpderf with

t i.ded the. fi t. f th. .. bi
GO LSRR Sowet b & et ol el S HE PR
ﬂﬁbﬁ&évﬁes. [ %aCﬁ N&@ﬁﬁgmbinpiiset) aplotaligrof évdaﬂgbltﬂjimttmns._t léne

thir n our curre | A4S re une LOVI de
st e BSeplso gt Pl RS pialefS o folebs e b 1,

febMagrietis br anideseagmeticisuplingtbelvicasitamgbetthve paio uplixng
dbetmeen the first and second flux device is

AN f erromagnetic. I n sone enbodi ments, the magnitude
of the current provided by each current bias is equal.

In sonme enbodi nbsETAIEEDsﬂﬁMO&urther conprises a

plurality of flux
In accordance with the present invention, coupling devices for coupling

information devices are provided. Such coupling devices are capable of tuning the
coupling of information devices between an on (coupled) state and an off
(uncoupled) state. The coupled state can be either ferromagnetic (negative) or anti-
ferromagnetic (positive). The coupling devices can be controlled by any of a number
of ways, including through a magnetic flux sourcé or a current source, such that the
above identified coupling regimes can be realized. In accordance with the present

invention, an integrated circuit comprising many information devices and coupling

17



10

15

20

25

30

devi ces, where the plurality of flux devices includes
the first and second fl ux device. The structure al so

wa@ovp/6wes a plurality of couplers including tPer/Cac®s/001987

coupler, with each coupler galvanically coupled to a
different pair of flux devices in the plurality of
flux devices. Each such coupler conprises a plurality
of Josephson junctions. In sone enbodi nents, each

degisendik esefiil fortchmppingrsalutidng odhppesxitpite sdlutichs G0dphibrgeatied! t o
erro et.ic coupllng

e e e R
GOBEEBADO, Eauaﬁsmmlegpﬁb%szog vﬁm@l¥agt?mgbevmei ot d?@frdlé RS?iOg )
R, S g o R bl bl i

lmﬁﬁpahb@oﬂkdmumﬂh@mﬁhﬁﬁgaww&yng of information devices
an of f . (uncoupl

bet ween an, on Sstat.e an ed
oF ot 48 il P E b RS, B0 B Rafor dsh R R &
suﬁe’m@ﬂﬂdtimg)oop int@nipted ey oasBgnet H&eﬁkﬁﬁlﬁjuhcttibﬁé Aﬂ' he
evi ce n _be . contr ed by an r
infyioh Qi bR P BB R fo FRIbeTbeRrbRer
th@preseeﬂhv&ﬁm tie, inforiadtioh Haticet e flak dwdcds dgnblefof edring and
co re S. can . be re agcordance with
g e ARG INR o b A 2P RS S Ve
knomirpﬁhsarnglnmamy embddiméensd ofolie deehtdeenidas) 1nfor|mat10n devices
upl.i ngdevi ces .is useful for conmputing solutions or
anigﬁ?@??%ﬁfém§8?HFF%ﬂ%M?BC8%P?WV§at|on probl ens. See,
e.g. ,Cohplﬁrtgetavx;&sah e@omamlvﬁthohhadgnﬁammmamp bf hapiegant .
. Seli 0. .60/ 638 ent tle 0 ssor Wt
it o Ge 7 (bR e B per 25,
infaBfion delédes diat theneypEo Bkletde\riwg‘ﬁxeatcc&ﬁ&%@@mﬁ&&aeo whi ch
her eb |ncor oratedﬂ§¥ refer nce.in j.ts entlret¥§

emoRO e Bk B N PR RS ORI e Sagfic manner
fluix R BIEsB | ldiﬁ;er EGMI e qelsiR the eaasathsuﬁb@rdmmdmﬁ rtdngoﬂe oop
i nt errupt on r. nore S unct.j ons
avped G REGRRE PEloRR RIS ES R AP IoH e Ehe Ry for
lorigibheremt kitigs reliiices ildeom o onaetic Mbrichfie 4t @8eBles chip
.Lnvention, the information devices are flux devices
y“*ﬁpable of storing and processing binary quantum

i nf oflwrEdcbrdince AdthdigSeesetatheatay e chiplixg devides egerae evenel |
n sone.e t he, pr esent

R R TR A S R

demomafei fesguérhle opanmed blaaaludxraelowmﬁ;&m\fce e@immlrxerngraﬁi@tvg ces
RIS o BRR R R PR aRle RRBhis™
frobnitle pandendt ynchenéd‘lmeH@teLtbl&br@ﬂ stblage andfpPsdaBidgT devi ces
quztml;:]ung 1n¥f<|;]r ation OLﬂ:l) some emb%)émge%%/sio %e plrers]en%gnc\:/gl{t%%nocn% o\II'Mmtoque Sone
integrated circuits comprising a plurality of information devices and coupling devices
(e.g., 10 or more information devices and associated coupling devices, 100 or more
information devices and associated coupling devices, between 10 and 10,000

information devices and associated coupling devices, efc.) are operated at

temperatures above those at which conventional superconducting devices are

normally operated (about 5 mK to about 70 mK). For example, in some

embodiments, the one or more integrated circuits are operated in an environment

ranging from about 5 mK to about 4 K. When the information devices are operated
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enbodi nents of the present invention store binary
information in the sane manner as flux qubits, but
wa@l2dob®69450 om f 1 ux qubits in the sense that thepCcTioADWE/001987
need to store quantuminformati on coherently for long
peri ods of tinme. Renoving the need for |ong coherence
times reduces the constraints on device fabrication
and i nproves chip yield. In accordance with the
wiﬂﬁrﬁt%ﬁﬁén]}ibd?atﬁﬁ tdnQe), valifie gt Sﬁ@tﬁ gith Gﬁ&c@&&fnﬂﬁ&hﬁnﬁmﬁr a
rapge of tenperatures. In order.to.maximze coherence
o s ore S COMCRIET o HE pPRBLatiane THT BRRRIREISFISHEFA: o
ofi}{)é o8 otthbie i’iilltbgﬁklvecll efmﬁs{ Blddé Baeihe igﬁﬁd%[rﬁﬁﬁ)eraﬁlw'ﬂikg | from
about 5 mlli-Kelvin (niK). to.about 70 nK. Suc ow
gD ra sl B R Wit Slratiod fr et A S HRIBR £t i
intB@ a6 cit @l E:bi aheprohehaih of hiobiafean beluged Gﬁfﬁs inBagrandd
.quantum information, In sonme enhodi e
o B dHroicTRPGHE Rty S L RBIPOTBTS O A Aatraad i t

reé@@dﬁ@:&l@ys hﬂgmﬁ apibddialentt Wf mﬁ- 81ie§B°n0Inﬂﬁitﬂo@,ﬁ?éﬂﬁﬁjrmeﬁonaigdicgs

oupl I devices (e.qg., Qr nore i rmat i on. devi ces

and RroynlBf if eate ot Mierdiot ol ors materom T et

suj dﬂédﬂﬂm'h% gﬁteﬁ@M,ildg& &gaﬁtﬁhl?ﬁﬁ egipaiatitl Cfoppaiisigis &aby aes,

. betwee a , i.nformati on devj.ces an

inRGeoR APBE TpITRE BeUF e Rup & mekEr LR e Mk awest

critieieeiRidir&€s above those at which conventiona
super.conducti ng_devi ces .are nornmally operated bout 5
Rt S R T R S

thd dvatrONSleoupigef hupbe gidattrg fixrdetitdsredescribpé nadeedl. I an

rom about, 5.nK to ahout. 4 K Wen

envi r opnent ngi ng f
SO & PorFBPIMe (TP G8O SIPEOREIREHT ER HFce
delieSSQUBIIDY) QrelBADIO conpld fwdlfRix Guvicdsuspetbf RattSnabRUEANAS

i ncoher ent_.quagnt um tunngl i ng, are present and
that B BT ORIt 1 B oI S apatpyrher the

cobRP &Y Rirbibnefic drheti-GSnRENBS B dniikegl dttRtinedntion/iflug i S
less than the critical .tenperatur.e

. . e of t
Aot ARFTRETIeG Tty 80 PRY m*}?&%&ﬂ&@ﬁf-ﬁﬁ?ﬁ%%w i on
infdivdtien devised, 200 plogy iafothation evitdseY @tnede fdrmuiidn detioés,

xampl e, . al um num or_,_npi obi um can be used.in,suc
107 A BRre Gt ai T Attiaee 20 OB E BHEREEE oqtirge ib phichal or
pohﬁ)ﬂ]@@ﬂﬁﬁxﬁbﬁ&ti@xﬁ déieslin the puldligod iiforthation ®@sRECIre ¥@ipled | N

saone enbodi pent s of . t he, present. i nvention, .the
to FeAgt PLISH PR LIRS DO St ST HAREISSHES Br2 mor e

tuaBle@OH e devibds Gibipr&edéd® IaE spbdt 0Mhe irfvE@ioaNit is shown how
supercogduc,in naterigls, ang RE@ naxi%§g1ﬁquer ture

1o BPErHBICR CPHHE EVAGEE ROt SR SPHREES TeP thev 1VEE SNt or

to SR pif@te coBigiinglaBog¥@de from a material having the | onest

critical tenperature. |n ,accardance, W he esent
et PO TOGUeE LS frete B HEplh AR P sl 6
couple two rf~SQUIDs. In such an arrangement, the rf-~SQUIDs that are coupled by

D

the coupler SQUID serve as information devices and are referred to as flux device rf-
SQUIDS. The coupler SQUID can either be a de-SQUID or an rf-SQUID. Inan
embodiment of the present invention, a coupler rf~SQUID is a monostable rf-SQUID
or a bistable rf~-SQUID. In an embodiment of the present invention, a coupler dc-
SQUID is a symmetric de-SQUID or an asymmetric de-SQUID.

In an embodiment of the present invention, a coupling device with a

plurality of Josephson junctions is used to galvanically couple two flux devices=. The
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the controll able coupling of superconducting fl ux
devices are described in detail. In sone enbodi nents
w@boobloe945mvent i on, two superconducti ng quant unPCT/CA2005/001987
interference devices (SQUI Ds) are used to couple two 7
flux devices together in a tunable manner that permts
switching of the coupling sign. The coupling sign
di ctates whether the coupling is ferronmagnetic or
compling-deery preigesstither. fertamagnetaop e:at—fecrbmagmetlb oouplihg Eetween
a
the AR, B R ARTR SR BulLalblby iboBiupesgp e
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n etl

cu%?a\ﬁln% gur}etxlx? i Iln éﬁc’ cggezr e?e# af, 1}1&80 @m ?egtcg gsraéx e%nmn er
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of lobes is exposed to a homogenous magnetic field, then one or more external
magnetic field biases are needed in order to cancel out all the currents. In an
embodiment of the present invention, a gradiometric flux device with an even number
of lobes is used as information device.

In some embodiments of the present invention, each information device has

the gradiometric configuration described above. A gradiometric configuration is
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or nore Josephson junctions. Each of the at |east one

| oops in the gradionetric flux device can conprise one
wW@erooa06®Es0 obes. Each | obe in a given | oop is fPeppachosn01987

with respect to adjacent |obes in the | oop so that

superconducting current flowwng in the |oop w |

circulate in one direction in one | obe and the

opposite direction in another |obe. Each lobe in a
usg’fﬁgf@r eireling thelcowplide bétweendaformaion dedéas ebd For adducmg
no%@@gﬁéﬁfvﬁf‘gdr% i ihilgh a8 c?%ugt\?vﬁr% 40%%?%05{&%%{3 0 the mve{ﬁhogl,

el ectrical current can rom one
cagh 1ﬁh§ﬁf@ﬁ¢1@ﬂfoﬂé¢t@ntdhwe@d|am@réﬁ$Qﬁf:iefoomt@ucdbvm@ if oop will
c de
R R R T R e S GG g
invezden, pash prbsfis fabrigatedion ﬁ'@tsam@ lafr¢riin a eleppicondueting erimitithe
crdsWRvel @Qea?eafv@fe@ tﬁglo@esj agpﬁigg rEla@xn-:qo ngcg %ﬂ%%) il g%ﬁgatédookﬂe

pairs are
anptheyAster G"hﬂqhéﬁ@l Efe waful lnsbaham@ﬂ}n erxdu@am:esr ofghe lohes ﬂm shme

enf@@ﬁﬁhl‘éﬁts Wtk i rﬁ%@ﬁmﬁ%amfoge s?&?iﬁatgc{]m%g&paté %P : eC Echa"t gne

i nduce circulating current
loligdtam ¢agh eorofitieradsivick Gifebrisatied on Tiedayeesid stupctgort;mctngnt S
chfﬁnwﬁ?ectﬁe J)tﬂa%&fls ﬁ@ﬁp&téd%lﬂ% dﬁ?e&ént 9&8& D the& c% 119 21{&8 dafril nd
ence cancel resul In no total | reul aten
with g emhedimesrpd é}espeﬂssm nafnnhomhgmbgreﬁeo ugormauasgavm are c
I h Qne
op&@gﬁl ﬁltégglrgqn?eb% vyi‘%llll a!rteﬂlggé{ﬁz% %&fhtg bgtgsg?rg %b%?;{{ 1%&3 and about
4 I‘Tsel“lzﬂ oppratng temmrmesaf ths integratedisizait isdess ﬂlamebeuctrttlcaig in a
tenﬂfel'at&rQ Bﬂhe ggﬁ%cﬁk R9ndt H{a[%cev@)t the ln@e I‘e@e% ci ‘te where a
gradi onetri ev ce an even nu er of | obes,
t heRlG A skewssangmbedighephof therposerg dnveutsonfagmepling thibel d
bov
su;%\hc%ﬂdtﬁ Jégr ﬁgﬂ&g&eonfagglﬁ ﬁ%@g ao@ﬂhge&‘e%m%%& rfnqﬁg Tine o
devigshld § cpmprisepbeeayuplingzlamsnodéhdasd m@gmw age fidt aii dectmdae n
coilniCHiioH DA efohl e afhlmf&gﬁ ffcbﬁl hi, 336 Snfh, needed

In order to cance out  al BNnes.:
couphipelements liksfin FHES. preg &unis refomeé it lieoain asath@dlalblccmphng ic
¢ .
e
and maelve ta sareagtvciured and wiae. T@rsordevmbcehmass ¢fHlee invention,
whﬂé ﬁﬂrfﬂg@&nrde%cgsolr@)? agéjf@tﬂa%]sﬂﬁ&%ﬁlrz&?rg ﬁl%%}/zgs th enot
gradionetric con uration 1suse FOr “cont rofsms
identinal d}m@fabngitlbmmwefncuoné dn sehé embodéndntses tiagleskbair
) i t ted
imv B R0 965108101 M0 SRRl i) AU B S
emb@lheermﬁf ofdlzeqriresenifimventdn, otherdpnes oéqumnanqnl daviatsi 110y and 102
din%foglgltlgg Mé‘/q(,%§ I}]d) lsandeief incﬂ&eﬂbrxrgﬂl atee orf’e%n%f)&?x%er in

a superconduct I ng
of 4 grediemeéton ﬂwe@&h:e,l in b\émhsadhabvmhas @de onp tdneprsaugewb ayer

tobbdlidBeSHASY £:MEH15 bl @a},@@ew% Biite tC G ARINEL 0L PG 21 €2

bes ar re at ve B 5 ) is
102f 2lyrinfortatidn device 102). Informat1on devices 101 and 102 have only one

loop since the corners of the lobes are not electrically connected where they meet in

FIG. 1. As illustrated in FIG. 1, the loop in information device 101 and the loop in
information device 102 is interrupted by a Josephson junction 120, denoted by an X.
The location of the Josephson junction in each loop can vary from information device

to information device on a single chip and between chips. In some embodiments of
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anot her |ayer, which can be useful in balancing the

i nductances of the |obes, i sone enbodi nents of the
WO pwe6346m, each | obe is fabricated in separatBCT/axens/001987

such that one | obe fromeach information device is

fabricated on one layer of a superconducting chip,

while the other |Iobe is fabricated on a different

| ayer of the chip. In accordance with an enbodi ment of
the presept msention, the/iafringion dgyviessicompriveireord Hikb prraiosehson
jm?&iy)hces are operated in environnents with a

enperature rangi ng between about 5 inK and about 4 K

The Injpenaion deyices Apeanat L0 eresbunlérkby qevpiigalewide t1dtbaliit i s
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: | al o : S
SR oA S04 e UL SALLED At
theothpdsi ng el enents like in FIGS. 1 and 2, is referred

L0 RS Rufeddifs Ul an QU MR AR HBvicck ROBRRI02 can be
embodi ments, 1 ntornation devices 101 and 102 are fl ux
coevilablyscouplad Wayn ¢raipkingtdeeice AlfecostprisrstdenSQUERE contpadlablp n

. e .. . S i on
oo G B0 R S byl Gk acifRbn Bl BR | OF
clethey (lerecaplptespedéyetdospling der8 QUEDY exdyi chengingrihe magnetic flux
. ; : . . _ _
I S oA
rfQAIDs mebirdllzble lcosplide isiackisved by changing dreeatinetiorflux vgthin he
i i . . f..i I i ces
o SR pop s B B8 REbRRRen 1n B ORI B “C
cabPling elenfnGin dopplingldete Hidds odreS @uBbwhiltthe oer cqupling
r adi o i I evica. | ' i £ ne
cifth @R SO, HbulfhitBmenfl WL EAGRIREY £fichAt
apiphyingy atriss wwiredav by chat@iag tha magedtic flax of &b deSQUPD andlid

102- 2.1 n. i nfqr ! i i tion devices
ongin s Hpp B R WA ANOGR e et BRIIB e <. o
t he Bxeirgkryarosplingteleicatst! 1 ¢ dedctoydanonwitle samep spthodimenty ey

th{e‘ﬁ%tsen ﬂxtvgrlt%h g%e‘ illéﬁaﬂ.f%kll@%g.a%f%d{ it M B hs, ih&ehgRR i n

or met i on devi ce Toop ininformtion
catiplingoderd @2 1 1 Gscoimptiess ao p HA By thet | piloon of wperrengictng0,
mERALF6 O Allodl by ek ORIl Pfo-B N lOSARRBAR:
junction in Eac oc_)ﬁ) can vary frominfornmation device
illgtratedf emiralidbireodlingdercalized by tangbling Hiepragprlic e feieh
0§ AR RN SRR 3 AT DS RIESRAbad AYRRHILN,

e Tnfornation devices conprise nore than one
sobosdpordir fhending magnetinflor drecugblvopéld-de dn SOE cabddingnts,
& belascs%\lﬂ%!: ?90-8){:01%&&'9%& h R)gp gp}}%t&l%léc%@ SIICH tat % & inductively
coupled to superconducting loop 110-A. The coupling state of the coupling element
can be controlled by varying the current in flux bias source 110-C. When a current is
applied to flux bias source 110-C a magnetic field results that threads superconducting
loop 110-A. In some embodiments, the magnetic flux is useful for controlling the

coupling state of coupling element 110 of FIG. 1B. In an embodiment of the present
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pl aced di agonally between flux devices 101 and 102 as

shown in FIG | A Coupling device 110 applies an
WO paao6948@ coupling between i nformation devi ceBC/QOA2@8401987

102. In sonme enbodi nents of the present invention,

coupling device 110 conprise a plurality of SQUI Ds,

such as dc-SQUIDs or rf-SQU Ds. Each el enent (e.g.

rf- SQUID or dc-SQUI D) within coupling device 110 can
inveRioABE ekt e %@&%&A Y0y 8 +O8 WheleliBi$ the ok BehnRRH. D

el enments, 110-1 and 110-2, information devices 101 and
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Josephson junction is the magnitude of current beyond which the junction begins to

break Cooper pairs. The critical current of a Josephson junction is also defined as the
minimum current at which a resistance arises across the junction and, conversely,
below which the junction is superconducting and has near-zero resistance. In some
embodiments of the present invention, the bias current applied is less than the critical

current of Josephson junctions 110-B1 and 110-B2,
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In some enbodi nents, magnetic flux useful for
controlling coupling elenent 110 of FIG |B ranges

wo e@anedasut -1 O Fot o about +10*Fo The fl ux reqedCT/€d2d06/001987

control coupling elenment 110 of FIG |B depends on the
characteristics of the device, such as the size of
super conducting | oop 110-A and the properties of
Josephson junction 110- B. In sone enbodi nents,
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deév@d®is non-negligible. A coupling strength is considered non-negligible when it

can be measured using conventional measuring devices. In FIG. 1A, coupling device
110 is coupled to the same lobe of information device 101 but different lobes of
information device 102. In some embodiments of the present invention, the couplings
between the coupling elements of coupling device 110 and the information device
lobes are all anti-ferromagnetic. However, there is no requirement that such
couplings be all anti-ferromagnetic. In some embodiments, the coupling between

information devices 101 and 102 can be either ferromagnetic or anti-ferromagnetic.
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enbodi nents of the present invention, the bias current
applied is less than the critical current of Josephson
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In tjon deyice 101 dl%éer Iob S. of
e GO S SrOg el o i AR he
WheH, &8 et othed Ueid, t@Pling dMene@oUND-1 BQ8 while couplmg element 110-1
is off, then flux device 101 is anti-ferromagnetically coupled to information device
102. Thus, in this manner, switching the on/off status of coupling elements 110-1 and
110-2 can effect switching of the coupling type of information devices 101 and 102
between anti-ferromagnetic coupling and ferromagnetic coupling, and vice versa.
In the example above, coupling elements in coupling device 110 can also be
biased in such a way that coupling element 110-1 provides anti-ferromagnetic

coupling and coupling element 110-2 provides ferromagnetic coupling. In some
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t hat such couplings be all anti-ferromagnetic. In sone
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anti-ferromagnetic. As noted above, in sone
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coupl 1'ng
the same (e.g. due to 1mperfect10ns in fabrication). In the case where the couplings

are not exactly equal, a small residual coupling can exist between the flux devices. In
some embodiments of the present invention, the coupling device 110 is biased in such
a way as to cancel out all residual coupling in the system and therefore leave

information devices 101 and 102 completely uncoupled. In other words, the strength
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is off, then flux device 101 is anti-ferromagnetically
coupled to information device 102. Thus, in this

wWOoRewA69456W t chi ng the on/ of f status of coupl i PQI/CA2005/001987

el ements 110-1 and 110-2 can effect switching of the

coupling type of information devices 101 and 102

bet ween anti-ferromagnetic coupling and ferromagnetic

coupling, and vice versa. In the exanpl e above,
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FIG. 2 shows another embodiment of the present invention. In some

o read

embodiments in accordance with FIG. 2, information devices 201 and 202 of system
200 are flux devices. In fact, in FIG. 2, information devices 201 and 202 are depicted
as gradiometric flux devices and are arranged in a regular grid pattern rather the

diagonal pattern of FIG. 1. Information devices 201 and 202 both have two lobes
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couplings. These couplings can be tuned so that they
are of equal strength and can thus be cancell ed out.
wa /069480 coupl i ng conpri ses tuni ng the indivi BOECARINS/001987
coupling elenents, which can be SQUI Ds in sone
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bet mefﬁwmmﬂmnt aféhel pressnt TidEntiondn 4@ 3rdasade vieh FIG. 2,

t an ystem Sz <S> .s2
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|ng strengt 5P
cande [ﬁemonmgmicgllym’r anti-ferromagnetically coupled to flux device 202. This is

done by switching the coupling elements 110-1 and 110-2 on or off as described
previously in conjunction with FIG. 1.

It can be appreciated that flux devices other than flux device 101 or flux
device 201 can be used in the dual coupling scheme presented above. In a preferred
embodiment of the present invention, the type of information device used in the dual
coupling scheme is a gradiometric flux device. In some embodiments of the present

invention, the information device used in the dual coupling scheme is another type of
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nearly continuously varied fromJ =1 to J =-1 by

appropriate tuning of coupling device 110. Coupling
web@amed4so 110-1 and 110-2 can al so i nducti vel yp€CDapbs/001987

to each other. However, such coupling is negligible to

operation of system 100. In sone enbodi nents of the

present invention, coupling elenents 110-1 and 110-2

are fabricated in order to mnimze inductive coupling
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present invention, the array is a linear array and each information device is coupled to

its two nearest neighbors. In some embodiments, the 2D array of information devices,
such as those illustrated in FIGS. 3 and 4, comprise between ten and ten thousand
devices, more than fifty devices, more than 100 devices, or less than two thousand

devices.
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i nformati on device. Since the physical states of
system 200 have currents of this form a dual coupling

wa ehveneo4s@n be applied to this type of informPCDEA2005/001987

devi ce as descri bed bel ow. Coupling elenents 110-1 and
110-2 coupl e flux devices 201 and 202 together. The
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infiminatiqngleviorsdeinymapnitice iy mg ahméemmghatmglsedommﬁﬁ &l de- 1
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anflhdmtmbequla& betvven twdalinctit unfonrteMDm éevided The ohtiviatievi ce

SRR U8 S, AR PR R B o =
coptiwensly bwme thelimlutgdpoupling fwﬁmmmeibnrmnagdetw to dertdegndtie. The
iometric flux device. In
il M FEOSEE o AL AL b
suffiefentlyiergeda Omfwnwnusesﬂlbﬂaﬂltebtan’ddmon[agquiciiﬁtgwﬁwems is

|t I t ed
coff it tefckt BE e SE1CLE O s SR A ORRERE 5 7
inyegtion, e singlecf-3@Uid ot dmngkh@e%z@Uﬂ)eqs iusdded coupleFfiveTafornasiog

B L O T T

fel‘.t@llagaﬂw t0 eti-ouphgutit or titeiersan beoestembediglie bsthusi ng

Prés%ﬁt nﬁ}ég{tulmgﬁlg %f{nﬁrﬂxﬁ?r&ﬁ‘e jees %rg 1 g{(/ Idegzg%s Iasgc \ée rég(agﬂ%s Bn of

PeES}smecmnt@tolubfts FIG 1. Information devi ces 101 and 102

o FIS DG ERL O R, A R Gt S

cofsasthofadvipod siperdohduciing watedal uﬂémtphfl bararJ agephssn aougded to

t.h the
(dJn?{eégé)g?ﬁ | nventl&%?]dﬁ}?se Qtdr% PG flﬂcé cg%afr\ém‘fvéf?ﬁ coupl i ng
comeelmcmt $n BYG. and-SQUID 5&0-(593/& mtrolﬂnb&rcbaglmg@ﬁltﬂaﬁd is

R S i DS g P R g N
pregerm Se’muqnmfém{ﬂbr.ﬁ 10-& chinbd ﬂeleﬁdamh(afgemrﬂrc@fqﬂmmsWﬁcm

cofol B IR PR PR APYR: Rl Rt shSUHET % e

and H¥Oeq. st ¢>«amphhn<ﬁa|germral aowhhgjswlmh ig a)ﬂmd“temgfomkﬂr £ehe #fn
' S of. t. pyesent jnventiQ array 300
FeEPRAG LR ey Block0hy PGRER bmho R e B
invegnstfed RIMDa b Fay andi Omfara nbdasiabmdaiod dwiees Thotpl ed
S AN e e R
which can be labeled by its direction, such as ¥ and 1.

In embodiments of the present invention, rf~SQUID 510-b is monostable,
meaning that the potential energy of the rf-SQUID only has one minimum. This can
be achieved either by biasing rf-SQUID 510-b with a flux close to an integer number
of quanta for a dimensionless inductance less than a critical value defined by the
Josephson junction of rf-SQUID 510-b or for any flux bias by making rf-SQUID 510-

b such that the dimensionless inductance is around 1 or less than 1. The
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an expansi on of the systemdepicted in FIG 2 and

operates in the sane way. Each device in the interior
w@booans|yo 400 can be coupl ed ferromagneti cal | yPOT/CA2005/001987

antiferromagnetically to all four of its nearest

nei ghbor devices. It can be appreciated that while

arrays 300 and 400 are specific enbodi nents of 2D

arrays of information devices that enploy the dua
dienspnieagindadteneis defied abpo= @éﬁm& (heot, hetl; iylamitgf ar r ays

possi b] Qr . exanpl in an enbodi nent_ of e
2%&.1:2% nwhqrwﬁfheawuc%n%niﬁwlagbedPseP BFAEEY %fﬁgégi’?%es
51044t krm&ue%@uﬁldimsmests b RBraNRIEEHS acﬁﬁb@fﬂ%@é&uchfg Ep

possible. In some enbodi nents of th

Wil kerrpeic Behe! Hulogs P GEOLIY 31 ot 496 PEIB IRInuetig cat er

cobPBg, zi;@khrmabien Tﬁ@ﬁiﬁu&ﬁ@ @cﬂipﬁ@é“f% Sorfdete @pﬁé&a&%&hen it
|nvent|0n is a |near array and

ch
pr@ciw:%srarqu%rﬁbla éff‘r““& @n ? gevef@&amw pd- i1 %Ofrtwbﬁ@g%eéwf the

préb@htgﬁ‘\kéﬁflﬁx, tHthreiQ)'Fﬁm ERRE HIRIUID 5 lt)lbefau?%?s abmaYoll square
i nformati on devices, such as those illustrated in

migrondp atpuh YO0 sdesniiorals Beduiag Ko FAFSRARds odrlucig theand

criteM icG:8shnt oferS@UIb@rI‘ o iFbt daBBM R8StoR 8e &RRAL LBt can
devices, or |less than two housand devi ces. Tunable

bepreprphisheddy asdveing its pitical %}gséé?m&y dying manulagiyring, or by

red AU @Bss-s6QRA1IaRE oEiBY U&Sﬁls&{)ﬁn&féﬁ Bl $h8 e- SOy, B kdA8
devices ferromagneti cal anti - erronagnetlcally

ergHT S G P B R e Ui Btveer Shogr £ g vt
101RROSHRR kRuirdd, §%@1§3€ap§:1ﬁ&3 Shd 15030 ad¥B itlf Bsephson

|nduct|ve COUp ween two. a Jacent i nformati on

jupgsop we€-SQFHR 5#1%1‘?6? ﬁ“‘\?P §1€ reREHyBriER B e e SQUI D s

sus gept drbidatnient MhExbRENAYentibd) X SBBES3 lioth masn ble to
conti nuously tune the induced coupling fr

diggppsjontess méwaa@ﬁ%wgéﬂx %S%Wﬁépg%w @On?%tﬁbﬁﬁq‘ fdA stgre
coliflingS B rPRh 1R dRRn BERE S rSsentlif@niidi] HOSSUIDEs 10 mgRet i C

coupling can be sufficiently large to overcone any
dlfﬁ%%*&nbﬁ%mél‘ﬂcﬁ*’é‘&? bedizen 0f7e€\niiérr§rgw@th%emtw&m@r L %Haiﬁpﬁ ng

m&%w ensOUD b NLWETRIRARsHANIsGRRictahdd b‘é%@n eghadi.nBRks
of the present invention, a single rf-SQU D or a

angﬁh?rgqntboé@les@ﬂt@ presepidEgntion, g &Q&?@ ey haﬁﬁ gdimeasipyess

maiﬁ%éh&e&t&&g @tsfh%a 21 Th AoieYenttodined draNSprésdR: ikveRBoD Ef-
cou be switched fromferronagnetic to

00 heb R e I e et 05 LGl idfbodi ment s

en%dﬁxl?:ﬁt RIRSRRend 1Hx)éﬁ{'6d ﬁ‘fSQS 1he 5i0h AdmblaRvEaresgsniat
| ux devices, such as rf-SQUI Ds or persistent current

m‘H&SrB‘P?% sreplecthan | ppless feafes t hree rf- SQUI Ds 510- a,

510G AREwed Braph 6<ﬁ%§dmeﬁﬁgt§gdtapﬂ@>o&samf.§qgfn 3udhapf- Of
superconducti hg materi al |nterrupted by a Josephson

SQUIRi10en versus the applied external flux (¢,, versus¢, ). Such a graph is
hereinafter named the S-curve. The axes of FIG. 6 are in dimensionless phase units,
¢, and this is expressed in terms of the applied magnetic flux as ¢ = 2n*(D/dg), where
@ is the applied external flux or total flux depending on the respective axis of FIG. 6.
The external flux is applied to the rf~-SQUID loop, and the difference between the
total and external flux is manifested by the current in the rf-SQUID. For example,
curve 610 corresponds to the case where inductance is zero (B, = 0), and is 2 45

degree line as expected for an open loop.
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(denoted by an X in the I oop). These rf-SQU Ds are
depicted in a row for convenience. In FIG 5, rf-SQU D

W 1610694450 a control | abl e coupling switch and i BCT/CA2005/001987
di sposed between rf-SQUI D 510-a and rf-SQU D 510-c. In
an enbodi nent of the present invention, rf-SQU D 510-b
can be replaced with a general coupling switch or
coupling device for controlling the couplin

i nt EMEEORO in IHEL Geapreserts BOQLAsOn i ladlamc%q SQUAR 510-
bi§ )§1g L:zﬁltlgeers?th%ﬁ q %[Sbaé< @%ﬁﬁq&& %%rES f;iﬁ;? éiezig% %ﬁlgs from

0 ’tonld theh) dre ltoythe mn&bméuommb@bht\mmSQlﬁbs fkea prrdeﬂ@rﬁ; this
ot R e bred hornb STt B Pty plal e

zewi , g 8- alrwm@sslwperemhmmk istn thaCthiis hendaseagetayetiallg Shielded

oy R SQES SR sotlfmuttie §Rgadt 18 Sa Rl nisiwess & e
SQUIESHOIb dcfi\ee BN, forf flixAAdbds 1D~ Thub & IEESS 1B ovides

neani ng that the potential energy of the rf-S IDonIy

wﬂﬁ@f%@f@n?ﬁcﬁpm}wg batfieen R UNRs aldh @dedO-silt Héycagyy Wh
in @&ﬁﬁbtnﬂe Eiterﬁ@i’lu? o@gtOS(ﬁJIW $10-68s £1bddo &,2SBe bRysRA | Nt eg er

mber of IQ%J uanta for di mensi onl ess i nductance | ess
prwm&ws af 161§ IBaﬂlO\bamlemdbﬁf ¢npeditcmanndre Thers.dpthSopmrve bas

sldﬁag&%ﬂspf.??& 8JI oy 5102@ Z%R} %?1&; tﬁgt%e s@ff-\flalgcldU%(s ok @Re1P Nt

sSuc I Mensi onl ess
allibytastiadn eeopegtes with i incresse ingxisrmphfiyx. Thus, the couphng of rf-

g mlm b 855t BolGiARge is defined as bb = 4e2LbEb
Q( h%g,g?r?SI units, b = 2pLlc/Fo), V\,here Lb is

t he 111 mthodmeét efiler IEpscRiguehion) eE I IR ceméprgy cqyffigured
to Flfow%gféln@néé&h@ o1 ;\I;Rll i%rré{rﬁééﬁ@uco(fouélb% bg Eﬁ?ﬁlg‘%ﬂ l:‘)?t&*ial

nduct ance can be achieved b whi | e
m4gaelisifielfl to e 145 QYIS roupire. Imwnxbpdlmnts@memrmmwenmu

AR LG DALY PIGOURCL Mo ZRRESERARIS, pll®

I nducti veé cou I's consi dered app YECIa

fermrmu@@s haarrm@mdrr@@t ef the present inyentond dineagnetinpsldlrs o

g losd B, SPTEIARGIFEN Rulhpdi®, 06 BF Sbod BUERE O Bresdl
ineqiay, eflnx binodevice isbdustivil Pe@PBRd spbarfeS QUIEY @upler Rddeci ng

ﬂu§?na%%§j %Sgg%ﬁ%% t}f_s ex%e%%&‘z%h@x%ué 084 8&%&8%0&“ ¢ §le O

or exa Feduct e critical
embodiments ofthe plesenaingoriioh, |ash@detbﬁet®d alpphn@ tq the; capling cal

cofie b ad T ebtunal b B F Sl wieon

+0l1 @, ey iPthe ffix §0MBune SHICDY R0 75 10 AS el (WBRI In some
current of the rf-SQUID is between about 1 pA and
embpdments,dheascurgydh =0- &t ¥ éera shunting capacitance can

be Pi@@%s@%so% ihfBEna1188 @W’e%@*?ld éiilﬂtﬂ@l% cbﬁblécf byt D
510-b to keep ter-&ngnt lux re In an

SQAHBJdP-fe Fﬁfo@?a@lh geviier S and (\&h e ﬁﬁWﬂﬁlf Fl IaB 510-b
SQABs,dut they can be any other flux-based information device. De-SQUID 710-b

comprises two Josephson junctions in a superconducting loop with two terminals 711
located between the junctions. While rf~-SQUID coupler 510-b of FIG. 5 has only a
flux bias, de-SQUID coupler 710-b of FIG. 7 can be flux biased or current biased.
Current bias can be provided by applying a current to de-SQUID 710-b through
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di mensi onl ess i nductance slightly less than one to

ensure nonostability and a strong coupling. In an
weniwedsgrent of the present invention, rf-SQU DPELQARN0S001987

has a di mensi onl ess i nductance between 0.7 and 1. In

anot her enbodi nent of the present invention, rf-SQU D

510-b has a di nensi onl ess i nductance between 0.8 and

1. In yet another enbodi nent of the present invention,

termfina®QUIL DF ik Bids civels sppldidivns it suirend inppamelesebet ween
nbodi ment of the present
pn%ﬁgg Sg%bo Qﬁﬁ%%bﬁ%ﬁg%o b has a di nensionl ess
i nddppmpdae puteneand f9x Yiaa huping can mpdatg heenpligpeavided by
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ex@ﬂma é\lﬂ?%lg b on s @Q%Lﬁﬁ ‘flp'b 1?@(&)@(1 ]aQa ﬁ:ﬁﬁyﬁwI fis
ext er nal ver sus a graph i1s
dehk&éd%‘¢ afreer Proisetich les t&arﬁh@v&aveﬂ'm&a camn(bé eBbdst® are
i n di mensi onl ess phase units, f, and this is expressed

highar vaberrst ). When tho gp-SEH TRvyewicirics mggningsthat ithas identical

or
or ggatr.ﬁféng Josgm&? Hﬁa ofis ttﬁzﬁ %@g}elggcg% FiELRE geg{ogfa b0
collpling @xdviated élat éds’t()g}g‘ i3 <alnmu ed | t@(4:72) |; hSQU iDthe osiical and

the difference between the total and external flux is
cupsgitiiof e desgplisgn funetions iy deriQYIR TR Af thethuf bjas wayzero, then

thé?%( BN Glue GEHHY @ur%pblﬁ:sotﬁaﬁt%ﬁ);aﬁ%&ﬂeofeﬁ&ﬁ ﬁn@@@co‘ﬁﬁ%{ o€ Anti-

uctance 1s zero (b 3 egree line as
femoqmnetmcboﬁpimgmchpwi WiopoC(iva) 820/l . FVIGn ®s*( 47 /2)
B/p sents the case in which inductance of rf-SQU D
@L | phe epuglingp ﬁwbﬁmzps@ Tass for g symmpetrip Be-S QYD peth s

uﬁﬁ% bla§ 51911ﬂ111(f blzIs |1 Braerd{d s Ritfd thd ﬁgﬁ 5% &ougﬁn(g at hen,

uct ance bet ween and

51 oFHJr &lﬂms;&am fhe @raipb ef e inggyabiiesdar they Wt@? P QPIIx of
fio
ca% ot %ﬂﬁéi?ﬁo rr{exch EQ{ %@ﬁ%ﬁ%ﬁ%%@hdl@% i J@Eﬁlaﬁ&(s%b&%e

ope at this increase
Thg @bsizopal iidds the exteial fheobilyg,t, fwlﬁ@tﬂe@eﬂﬂ‘,ﬂ -aRisgs el f - f | ux
in the direction. Thus, in such C|rcunstances rf-
noflizBl SOnd) carcins biasl,A1f Cubie&81 fsdhe biventindeedstgy 32)0- c.
Thus rf-SQUI D 510-b prOV|des anti-ferromagnetic
whilowpive RER is dreveaer limfit <8§M, 08). SHhos, éheaam & 1B- géanhnnalcm s

\Wh th L., fl f-SQUI D
cuS R0 P RErEE POD o R A PO e of
feﬁém@@ﬂc@rolﬁﬂ&gbwmmk alef clbkbeto ﬂrep)ﬂgint}ﬁwn@ﬁﬁ etrong'é'henm t he

S- a
et Bind O RO B B S G S e S |
bid3ulliat &ﬁﬁwﬁnl Zeip couslingr ahceaea/\hduhdetdrbg ciirves A sad BOR epkental

thefsr:aéé(? of f]hlil EI?C}%IEI'E éa(splz:alt WAl prov1de ferro én@th g‘o%p ngc r]Aas £S

flux and current bias moves away from curve 801 toward curve 802, the
ferromagnetic coupling becomes stronger. However, once the bias reaches curve 802
itself, the Josephson junctions switch into the voltage state and the ferromagnetic

coupling becomes unstable. Therefore, the bias on the de-SQUID coupler should not

pass outside curve 802. As can be seen, a nonzero flux bias (¢; # 0) is needed for

ferromagnetic coupling.
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In an enbodi nent of the present invention, an rf-SQU D
coupler is configured to provide ferromagnetic or

w@riaicAHE|s0 onagneti ¢ coupling by applyi ng an exper/aakoos/001987

magnetic field to the rf-SQUI D coupler. In an

enbodi nent of the present invention, the external
magnetic field has a flux close to zero and the
coupl.ing is antiferromagnetic. In an enbodi nent of the
pr es Rt aRYERelre Ac-SRHED rrergment bies fsinef epcpraary o fuhesthec| ose
stréngttodnd sBRG SRR oGP/ stk Sk Bt QPROAS ts’\',vﬁch tlugmgrpof the

enbodi ment of the present invention,
coRlingeAp an pXIERIG Wb@l Qe @f)‘ihp Jesgphsen Jtllh‘élorlﬁf InS@UIES QBUipiser
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| owner . illustrates two i I mat eV| ces

asyREues lcafﬁ’éi Oﬁh}’dia& a v pipe dn bymekmbogimuin of #8-piesent invention,
ad- etg@mslg@a TIEILAD cblneddd thad b e @ SAMM ihRuEdS, 7

are rf- but they can be any ot based
d‘?erprﬂtaFléﬁle@w ce. Dc-SQUID 710-b conprises two

JOS%%Q&beﬁQﬁt'o@ﬁl% pkeaer@n%ﬁﬁh%rs%b 9.4 898 W t h tWO
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cSptinddh Qn @ﬁl%ﬂlﬁén‘r Z)%@le lBreQJnt Ell/gitloz Bp 7 1g Lﬂ}(}\ Ll ased or
rovi ae

current biased. Current bias Can
digiepsignlerg inslugtance defweend). dandsoln mwme@e Qdmmﬁgﬁthe preseral S

ionFe
P D 0 S D U (3
angHist eyppqdiment éﬁ‘?‘? Bigsenpingentipe dc5iQAED7l fribhgs @@meme«zhla;s e
infEarC OHRWEDD. PLRAVI, IR GhdRer %50%%‘&1?017 tﬁgp@sehp én%gﬁ dtc-

controllably tune the strengt e cou |ng turn
SQHED ¢ hasraglimersionlsps indiictante tetvecen DGrandi .1t heanc oupl i ng.

ek BYARhGEbf &%ﬁre&ﬁ?ﬁvénﬁoﬂ@f %?Ugﬂe]l 5)55.5& ‘?ﬁi-c fNE rdﬁl%tnflgx#l?sﬁx

on dc- SQU -b is den I'b a ext erna
mé‘i‘%c?ssgf?féqii@taéd but lesspantZher bbis nuch | ess than 1

( h O\M?klcﬁﬁe erﬁlgb%m‘r‘éﬁ%%f %%rég&t %Eﬁﬁqswﬁe% Y &)Iﬂ?ﬁn M? &f- of

IS Sy rIC nmean

bb) .
SQ ﬂdpefh@fl d?a‘}Q[éTP ’Héé’ﬁ in f@lféﬁ‘tHIG&I 5 Qrdseplhsdlmﬁj tlmm;tls mns,
cohﬂl?ngd&fv@glj't@ i8R ?Hé‘)gc)% —agﬁ?g{bect P71Cf)gau£1dl7n86) N / 2)

provi ded t hat cosZ
some empprdiments ef fhe prebrat ipyantipe ahlerma SmlbdltecblﬁldmdtIEe d@l;smpy"l son

bekWiag Qﬂeqmrrheﬂlog ﬁe@(gsjhz@ery JOQpll?ng detflcé g%ﬁf lIrVéusbcaQeS thias

Zer o,
coupling dev1ce can be tuned to specific values using a flux bias device or current bias

device to cancel out the direct inductive coupling to zero.

In some embodiments of the present invention, an array of information devices
uses tunable flux transformers, such as rf-SQUID 510-b or de-SQUID 710-b, as
coupling devices. In an embodiment of the present invention, the array of information
devices is two-dimensional and each device in the interior of the array is coupled to
its four nearest neighbor flux devices using rf-SQUID or de-SQUID couplers. In an

embodiment of the present invention, the array of information devices is a one-
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there is no value of the current bias that woul d
provi de ferromagnetic coupling. Antiferromagnetic

wa@owplob9ago i s achi eved when cos2( x /2) > 11 b/ 2pCf/CA2005/001987

When cos2( x /2) I1b/2I1Cl, the coupling is equal to
zero. Thus, for a symretric dc-SQUI D, both current
bias and flux bias are needed in order to swtch the
sign of the coupling. FIG 8 illustrates the graph of
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sign of the coupling without the use of a current

lagfisas. I'n some enbodi ments of the present invention,
dc- SQuhd2xepnaphiient bl irkthd wires Y hntetdendteda) th, hamd Bdtriwias

current and f bias., In one e odlne
9 16 rledldri 9}a]ﬁg @Jlmfl Sﬁiﬁl, resagcp%l erg 6%\111 ¢ Tanee ol %m?bohty %or Wires
013 SBUTHE bulk 6f canéhtsanthy fdtasire nidsibe eliab® zerb dusigroperation of

enbodi ments of the present nt n coupl er
copnler 30 pssa corRlpe Agige; gar%catl@w ec{"ﬁsé‘”%% {f @

cRbiingBEvideTO AL MBI DI o:kG3EIVESa; 1102 @ 9and ori€e-versa) or through the
horizontal wires of the coupling device (911-1 to 911-2 or vice versa; 911-3 to 911-4 or
vice versa). Depending on how the wires are biased, both ferromagnetic and anti-
ferromagnetic coupling can be produced. Current flowing through the cross-wires
produces an anti-ferromagnetic coupling while current flowing through the horizontal
wires produces a ferromagnetic coupling.

Two useful sets of current configurations arise. The firstis [j =—L=-[=1L=1,

where / is an arbitrary current value that is between zero and the critical current of the
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In an enbodi ment of the present invention, dc-SQU D
710-b has a di nensionl ess inductance slightly | ess
WO b@e/0amaso t 0 ensure nonostability and a strongPCT/CA2005/001987
coupling. In an enbodi ment of the present invention,
dc- SQUID 710-b has a di nensi onl ess i nductance between
0.7 and 1. In another enbodi nent of the present
i nvention, dc-SQUI D 710-b has a di nensi onl ess
Jobaphisa frampids hebigiefddicd 98 d‘h&magnitu@aeif I dm@mhms the strength

nbodlne of..th rresent inven
o RO IE e i Cin B R b RS o Se e iy (% R
ra&&@hﬁlﬁiﬁt Ji0n30 ) chlngﬁt’mé hﬁizloﬁtthE .cln @id currenl eailﬁilgmat,lormhe SQJI D
as a _di nension| e

OSSR R O MR O o R BT ELRREC RRUAE B Lerd
fluf de B3PS and D02 are adifled Ie&omagmmm i'The mbmiﬂoaﬁglratlon isl;=

uctances greater .t han an one
T e e T
thagtpthé Rgizokeal ivdes. (This-prdiids Dné iﬁlt—fﬁrromagﬂeiic$@1ﬂhﬁg B@ecdn) in

ei [ her . r i s turned
itetibes B! o o e eimirr R Gt D b PESD1 2o e dovie
9196k ﬁedmé svﬁfhﬁn@ofdliﬁhg?ﬂ)@the Youpling tetveen furiotices®at sndd02.t he
pre i ect dUCtIV

en n |on here is still
couBP WH%IWWﬁgPﬁg %ﬁmt ﬂméggmn %%mcoup?lng
hateiae: tthsaﬁlfe fmagﬂlftldé bitsmsasegtaih the caeafzignn @ﬂmbemrreme bizgan

be.t ned ific val ue sin evice
g PEAE LD b0l e Rl P PR
wirddAt€ hdrizents] s, treging botzef@romhgnemaplmgbmdpmami apfanti-he

t t t
S e T A Bt R R
th@ o BnpiddbOwill havela, doﬂﬁlaﬁu'pmféremg foelth¥ flove of culrent and therefore
enmbodi . nent of,. . the g;esent ﬁﬁ&tlon

the ar
onje ¥R OhEUP g Wk irpicd dlogl“’f‘We hSToRsy Ingaye eergc%iméeew ce
ofithe préient irVe@ioh Qlie dfrertt bias afiwiy 9l 1acntgthecbuplingistrangthdyr

near.est nei bor, £l devj ces rf-
AYEPIREIHE 8 ¢ iofiidug! Rioses; Ta iR “?F'Sﬂ*?“ 5 0 &ﬁ%’fﬁ el dption
the BWRALHIR RS wirds®1 BEdndy cliken to fn@f/lﬁﬁietdﬁcbupimg betesenitso a

g eﬂF@ nsional chain with the rf-SQU D or dc-SQU D

E¥Psposed between each device. It can be
appreEci wsesvd d’b@iter@il doorhagintladeg exveiet @ntoflintchteof ditecay  of

i nfornati.on devic t hei tive co Iers are
T R el SR R S D i
dlecesI 4e careseninyidiftent drchitechaese Forexample oﬂmnmbmnt of an

kgiongegs oot road s SR Bt o0 poih P ko d! e

mﬂ@mmﬁg&d@angtmnably couple the two information deV|ces

t oge ThIS able ou can sw Q @

t he cgidies 1Orrer s gerPeer e T Dfagedl ¢
1@0G iN b SPerGlde&ing lon gdviBically connected to both information devices 1001
and 1002, With appropriate tuning, coupling device 1010 can provide both ferromagnetic

and anti-ferromagnetic coupling between the information devices. Coupling device 1010
is biased through its superconducting loop by an external flux bias ¢, . The Hamiltonian

of the interaction between the information devices when using coupling device 1010 is

E COS¢b I 25
i = 4¢’E,E, 2L E, 3)
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enbodi nents of the present invention, a plurality of

i nformati on devices are coupl ed toget her using
w@aloeasa4s@l | y connect ed Josephson junctions. FPEI/CA2005/001987

shows a system 900 that enploys such direct Josephson

junction coupling. Information devices 901 and 902 are

flux devices conprising three Josephson junctions in a

superconducting | oop, but need not be restricted to

such an architecture. Coupling device 910 conpri ses

wHHERR G R B 1 G REZCo16 ane

3 @01, iBedried] curtntyTiiun gavfie V01 eanB 1,Q3s thb &mcmmperﬂt semxf our

et P D P B oS e BS  PEE 150 % gt B g

in@Rviich@adbelslvitalie foAarpgetiveto Sp@ve oovigared Tiis i the same as

0se son nctlons of flux devices 901,and 902..1n an
Rt Fom?%etﬁﬁ%éaﬂ?a FHGaRd 1ig Vef%-héﬁ%%?esm%mde
of'ﬂﬁ%@hlnﬁ 1rftdréd‘i§ort dah BaEhda®y hivergERuRlinaIgIud @k arl cd bk matki ch

means that the cross-wires of coupling devic 1Q|are

zefopfoy qettein mejues of hebiag. e eouplipgisipneiiis BALRWS Hhe | copdy
different |ayers. Let the external curr nt blg% in the

lwhfcégor@fnons%we rhsingan ;meﬁer myftiple of 5. T%ﬁmu e FIFPERS L
911- 911-2, 911-3, 911-4
WG T ST ERRAE DI oE 8 PR SR T AT he sum
f
ur hEE bl O At g T Uy FiHtnaldh REEQ
arQuupledtogestbar u$mg3a/\‘plurhlrtm@hectt Peserhs@sunolipry eoyplae deviess.
EERIRL bAAGARYIGESrd dhedord id i) &Thd%wg{m\ro RFIVG0S i sofhe

or vice versa
enitwdineots bhthe preseaignshtionhwthoouping d@ywae%o@ed @@ zrepsedgn Ge
aée ci?cu r Inv§oﬁ’1§ %ﬁ{dﬁﬁ’% ts%f ﬂé gsehﬂn\%éﬂo 4th9 El hftff%f N&! Bkes
ing on howthe wr s are bi ased
cotreme@ rayndimensianaldzrid mith flet degieesgaenldddo theit praresigeishberpe
st %g%l:cf ?cge [11%96 Jo{q? Bgid R Al eLilBSdIEIEIQSQ‘ ﬁxe ‘Mu?eﬁ%r of
Fo uces an gnetic coupling whi current
ﬂ1fx| dovicesgompriso agm-dlmensi@ofrl cheimwigh flugideviees porpkid @etbe@earest
ets of current
oo AR G MR g DAE R L% P 2TTET |
wher e /|s an arbitrary current value that is between
zero and the hson
junctions |nV%%%£ ﬁ*hﬁ%w&ﬁeh%%%th%%géggnltude of
/deﬂEmnbmqwﬂﬁh@déﬁmbm@mhm@®”Wﬁ@wéﬁm%ﬁ¢ﬁgvmww%n bi ased
erbibafllh o o RO RS Lol Tl A0k JReB b OUANC0R 08

current ows t hroug
Exaomplez of sl artiapeten ingprpoidtesl by ueferenee indhmiferkgmeuad pastion of Fe
gnetic interaction dom nates over the
Spe‘S’f““[agﬁl‘ﬁgrrom:\gnet|c interaction, and therefore flux
deviQ@uespeit fabricktioamimdincoidbs baacbe faploydughdicireattty. The
inven‘t‘ign 19 th% %or%clﬁgg UE f%ﬁc%}lg ?fng)hng d]eglce utﬁ%mg t\7c-|o41ayers/ Norrheﬁl t hi's

scena he cT 0Ss-w
thanqbemmductlng loop of a coupling device such as rf SQUID 510-b of FIG. 5 and dc—

SQUID 710-b of FIG. 7 are fabricated on a single layer of a superconducting chip. That is,

the superconducting loop is solely contained on one layer of the circuit. A
superconducting loop fabricated in this manner may take up a considerable amount of
available surface area (real estate) on the chip where no other wires or devices can be

placed. Also, such a design is not fully advantageous because there exists a parasitic

37



10

15

20

25

30

t hrough the horizontal wres. This produces a net

anti-ferromagnetic coupling between flux devices 901
w@ar@e®R50 Thus, by appropriate current bias of P@i/cag008/001987

11, coupling device 910 can nediate swi tching of the

sign of the coupling between flux devices 901 and 902.

I n sonme enbodi nents of the present invention, not al

the current bias in wires 911 have to have the sane
capaijmict bebecenlthetsuprmndurtigioiand sumeundingelenents pEthe chiff. t he

TSRt AmIRIBLd e Bosbfca SRR Ford e lttlcoftibilo 16,
whitloekasiup esn awd: ditreiavaablasurfaerass (red esaieiondghesbirh Ta
a g:eer d e"?@m%acﬁs ?lOSHBLb %&%d&?e’i(%%?ﬁ@ e&Hﬂn@e Htion, a section o the
n erronmagnétic cou However, t
supérgondudting hnep cflarcoapling bq:vas IS/ﬁibricatmllﬁrSéPaﬁﬁﬁalﬁyeF prethe ehml i ng
de f f
For e)\écmé)(la’ef (%JIP%Y& b HOANEL ﬁgt% ?ﬁgﬁk@ﬁv&fogﬁlaﬁ %Pﬁdoﬁé’%rp

cur here ore one ty
a fippliyeadithe diprrowztdgo SQETRA :ﬂéfa anchs Wror érh@p hpem lepps gie
[ as
e ROk Sy by bR Bl s, Site Bl st IR,
arﬂp.paithqn i asegortdUmiengpnagdcted tpehd ﬁrﬁtllayﬁldﬂafllas,ﬁhlé%ﬂfshngl Oﬁe some
coe muous cq%ecgl%i]? ﬁlat C légrS 551'0 VG0 foggtogte‘éﬂgr (‘A%Eeﬁﬁgon bi as
can chosen to provide zero coupling
]ubc&tommsd:mvm dang bﬁhmﬂmnSohl sdw e proteslimeRtsthe thQ ngjrostEpsare
m. t r.ect
R RS R LR A A o S on
grﬂxﬁlﬁlaalmepfeesh@nﬁn sonfeamhahm@rbs delwahtegf@nplu@dnwmtséahmﬁgﬂ
f fer ent t
R SRt B AR i BB e TRk
artdhinether &pfslémp@m qaclncnftthe@nup‘hhm&ﬁvme&nce@m@ anqthenlayg gpthe
i pu r atlclend dev1ces |G 9. Coupling device 1010 conpri ses
FPEREFHIEGR™ ] uncti ons 1010-1, 1010-2, and 1010-3
i N aWaenihe mpldngdevmgaﬂe@bpca@dlw@a n@amer,yhe@@mhble herérontal

h f
S"ﬁ%t eraéelr?%flg{ gﬁ]lp lg (r%frdr? %ﬁg)l t%agﬁltall(% g v I C e‘gl%gi SéQ('{:ctaenhS rreJ?u(gE\B/dl de
sibaitite shygercondmgupstbopoof dmdomhng defvioe has wiieptiealy eeee unsti ng
th f.
v?rg aﬁf elg‘lé%mfe)ﬁlrdgﬂg [ n%tbe%ﬁceg%}{ 'th%%glgcﬁﬂyﬂb{ldagonqgéﬂl&%ogs%p

s supercon &@ oop by an
pekibie thia wsulfahwouﬂﬂmg deviices frdbh epekdting inttherfashion dqsscmb@é in the

B

frbma thielsepekosdyptisdeops neheppuping dovep HEbat fq Weat defeiltd 10- 1

101 Ei &)ﬂ(}?ﬁ ikl T cal
a’%ﬁ?%‘%ﬁ}fm &S?ft{d‘?(c%%l\l}l%%th&%gffs an 'S t ea{é%?t %c?a
bawechend rfSQUID ivx dexdese 1002. Therefore, dependi ng on
the value of the external flux bias, the sign of the

interaction can be switched frompositive to negative
OExanpie] v Enrgale chbplmgoffltxevisaweorgh an rf-SQUID transformer

FIG. 5 illustrates how the dynamics of three rf-SQUIDs 510-a, 510-b, and

O;:

510-c, including the tunability of the sign of coupling, can be modeled by an analysis
beginning at the classical potential of the rf-SQUIDs. In this example, a, b, c-SQUID
or a, b, and ¢ denote rf-SQUIDs 510-a, 510-b, and 510-c, respectively. Hereafter, in
this example a, b, and ¢ as a superscript, subscript, or connected to a value or term by
a hyphen denotes a value in relation to rf-SQUIDs 510-a, 510-b, and 510-c. Values

and quantities drawn to these rf-SQUIDs include but are not limited to:
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switching fromanti-ferromagnetic to ferromagnetic and
vice versa. Also, the magnitude of the coupling

WO paoe/06wtd on can be tuned by tuni ng the externetT/CA2005/001987

bi as and can be made zero for certain values of the

bi as. The coupling strength is maxi rumwhen | cos f |

= 1, which corresponds to f being an integer multiple

of p. The coupling strength is zero when cos f - 0,

WthhﬂﬁQﬂSQgﬂDﬁ@ﬁah@ef bei ng a nultlple of either p/2

or 3tt/2. hi_ s odi ments 0 resent

e thehmensi BT SRV et G e (O SHgh b 2uLi(Pein S1
uﬁ@yphﬁﬁhEﬂgﬁkb&bnﬁghﬁggﬁ plurality of direct Josephson
junction ég@ﬁélng devi ces. Exanpl es of such devices
ar e ks CPRPCHANES: 9 and device 1010 in FIG 10.

In qpmﬁuemggamﬂgmbﬁﬂ@ﬁfgduﬁnpresent i nvention, both
coupling devices 910 and 1010 are used in the sanme

i 1 Chlidle 1t BQUID TsepIBREH RB ThHnel tieppesent i nvent i on,
the plurality of Tlux devVices conprhses a

t wo- ux. devices coupled to
thergh%§§§é§?9ﬁ5Q5ﬂgfﬂb ng%k dQ?e%t >Josephson

j unc®;i, dmfbmwﬁtﬂﬂ@ﬂ@eima,e&herdﬁ@tbhew enbodi nents, the
plurﬁj &h@ﬁevgwmw%%_gg%pé;se a one- dlnen3|onm

chai ices couglée %0 their nearest

nei W%ﬁm&%ﬁcﬁh&s@éﬁ&&h fld S’@%? 1R td HIRIHTONS 109 URhdr 0=

devi ces. Variations in Fabricationof Coupling Devices
all ocan be appreciated that there are many ways to

fabricate va odi mrents of the invention.
Thes%mﬁ%?ﬁ%ﬁgu%?{ g39§ﬁ$lon are well known in the
art Ma@m&@alﬁbctﬁﬁbehwﬁéz,j@m begnscl ncor por ated by
referénce in the background section of th

spechssheutiipRLC. Onres seRR¥IRs Hanr 1104 Ao Wrissepapsideed.

Thls Q@@Ds bp-eimal meqrevueg&e;amy RhRS ﬁﬁi AdvieeRHiRB10-5 1t he
concept of fab rlcatln coug a device utilizing two
W

SQE}isg conplingglempnt, ot "s‘?bb’@reé‘ bigs (hejspowym- do obtain
m@ﬂébm:d ﬁn V&8 isrbibtias ddvice S Pima k90 B, i0utfid o c%nﬁ@&
710-b of FIG 7 are fabricated on a single
'mFQW@Wwa a superconducting chip. That is, the
super conducting |l oop is sol ehy contalned .on one | ayer
o = hd. cosrdG ut B copbist ﬁ’e¢@@n¢‘l{ﬁ(ﬁ*@ 1"851dt-@brii cat ed @h
this manner may take up a consi derabl e anount of
whlvée Indtdtacsnstfiace area (real estate) on the chip where
no other wires or devices can be placed. Al so, such a
design is not futly advant ageQus because there exists
a parasiticcapagi ttance?bet vieery t he superconducti ng
l'oop and suryqundipg epener of the chip. Thus, (2)
surroundi ng el egents need to e positi oned away from
t he superconduct\i g | edp; ki ¢h takes up even nore of
the avail able surface area (real estate) on the chip.
Tﬁbmaﬂﬁﬁmsngﬁmsmmgmmmbhnkg510muSﬂﬁﬁcemUb@manmeduﬂmthe

s € TS Ean be ac eve(f') By examp%c‘r})ro%h tge usk oF gradiometric information

devices described above. However, as long as M, is small, an interaction term M,.[./; can

O

be added to the final result (9) below. In accordance with the roles played by the various

loops, as previously described, in some embodiments the flux biases are chosen as
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superconducting | oop of a coupling device is
fabricated on a separate |ayer on the chip. For

wex@apbeso rf - SQUI D 510-b is fabricated such t hetT/CA2005/001987
conprises two small open |oops on a first layer of the
chip coupled to SQU DS 510-a and 510-c. These open
| oops are connected to each other by two mcrostrip
wires, one on the sane |ayer as the open | oops, and
anot her on a segond | ayer connected to the first |ayer
by vias, thus cfé&adtiMg/eneicéity nuous cl osed | oop that
coupl es SQUBs. p10-a and 5109-c} together. A Josephggn
junction is prefent in 8ne of the strips. In sone
embodi nent's, th&7vtwewei b)@stel)ys are fabricated with
one directly above the other. [n sonme enbodi nents, the
second layer is a ground plane of a chip. In sone
enmbodi ments, a plurality of coupll)g deV|ces i's

wherbr@ cia e eelumn vecier withelemeats dgf, e , swed.’o s, 1430 porfipeosweeachh

ft I d
oA G (SRR VRGP SLh Pt i gt 5elibes Sex
Qgﬁﬁg“qagaﬁg&h&ﬂx% in the plurality of coupl i ng

deV|ces When t he coupflng devices are fabricated in
t hi sIf thaarsQUID e ad ¥ed Jasdile@odplsr vathauk Atrodiding aditioatlea on

St e D et el TE b sing

the pRpenoivdniien wwhemg aslENSIQLED Eﬁﬁlg efd @oplmyﬂab y-STaD is

peEEinapSoonns Suonbinerltfe BRefst by b8e BreRiD, "

Mtﬁ‘@ﬂﬁ}?&éhb%%tmtgg@%ﬁﬁdb%fq&aﬁta%b shBIBOr ERehPIIxGRsibY t he
fashi on described in the present invention. Al so, this

n@ﬂlgtffsélmmuqhel%tﬁumeélmemmwnge ipless ggin baee That is, )

ST L <ty 53@«”’5{ o PR dRe R Rt Gh e
ﬁ%%aggﬂlb@ %:hg—:g%cfdf}g q:# m%le( %@g tﬁe%a g%&@ﬁ%ﬁwnce the
md@um@ypluﬁ»@@nm@lel Rﬁdmmélm ceu@bwmﬁlgnsw oftha)besatbspices
Juhafoﬁ %{anﬁifdc ﬂfemggssfeafoﬁa egbﬁm ﬁséghéo@&mngém ow

fm Cs of hree r

rf§ﬂ§HE corrpﬁppruﬂa foreducing the emvbh oprgren Ofahe FROUED. g serpe
e enRY shindhl BfaciBEEk Fgce@écr@ﬁ HRNAe b%sul?&{ah G{Pﬁ -8gus

the classical potentia he rf-

5 lé)xlalnﬁrder to eepighe boﬂ@@lumg flwgregime. Bhecp Lﬂeltymhaéfoalﬁwssw| Ds
va%% O @heraddd-fd 1R gelaﬁgﬁra&ts m%@ Bedikg Lﬁerwéij@sr %{E‘% on, évdh

I S exanp e a, cas superscrip script,

2 SQURD e wiche p@e@avmhmmn\mllﬂl@fewx@yd ﬁatpﬁ,lﬁfim@wozi@m es a
pl%(s?rl&%gcﬂ'l ]F eIV@HJlE setafé 0§1I81d§%g(!3§ e OEH p?eselﬁ %Qmplass

ues a guantities drawn to these r - SQUI Ds
arialysib ifigecotsespording emi@tlon |emrg1@c§h<tldﬁ Ye diffeppat Fdm SQafpition in

) t SQUID i nduct ance
%d%lﬁkgg&t&%ﬁ%b @[ﬁ to /aF0| n

Proceeding by expansion in M. Wlthout suggesting that the regime of M/L is

much less than 1 (say, distant loops) is the most practical, this leads to a transparent result,

which can guide numerical studies in the general case. The b-mediated a-c coupling is

expected to be O %) so the junction phases will be written as

5 =]+ x5 +& + O(M°), @
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units, when H=I this becones 4 2LE); C, the rf-SQU D
capacitance; / o, the critical current of the

wo 2eosQ4B) E, the rf-SQUI D Josephson energy (dedi/aachosn01987
be - / ¢); 2e |lj, the current of rf-SQU D 510-j,
where/ = a, b, or ¢; Fj , the flux of rf-SQU D 510-;,
where/ = a, b, or c; f the dinensionless flux, where/
=a, b, or ¢c; j , the dinensionless external flux 'X
an@ B HeQbkeinfinddfoy KRS dRilibrivBerdRion ¥ ;& 0. lin leadingorddrt ot
the total flux of an ri-SQU D, My, the nutual

thésB ehd GisBRE Bationdie pieses pf andsobateddf-SQUIG, etc. As shown, in
FIG 5, three rf-SQUJ Ds 510-a, 510-b, and 510-c are
consi der edg; g} +#5 S IDs fl8-@cand 5 10-c are (5
degenerately biased flux devices, while 510-b rf- ¥
SQUID i s dsEsdptithg @ sfent, tunable by an externaf®
flux bias (not shown). To obtain indirect coupling

whret plhen cambaye pither sign. dbyinvesss iBluganee mytixgeyeded tq the same
suffices to consider the potential: U= - Ea cos fa -

5 oficos 6 - Ec cos fc+ (a- f | r 1(f- fx) , (1) wth

t he i,nductance matrix That is, the direct
ant i { t/és rofeldhbt i ¢ i ndbetide 510- a5 fekEe \coupl i ng
LS absumegrim bey/siabdz/rlijisvganibe acdildved | H@E) .

exanpl.e, . t hroygh the us gr adi opgt Lixe Ankermati on
devi én"g“*"gté&%%%bed abov@?’/%‘\/\ever, g@ TLor?“élLbaél ac is
smal |, an interaction term MJJc can be added to the

fi ' he rol es
Ufﬁ 02@ 3 3&%’3%{%4%1 Q;@g}os%@\%ng %%géi&tgoglg %?E%ﬁg%&st{e?v% escri bed,
in signee( M irbacige tiksy t heo ddetxihbiraisishaenf gomed), while the

aswhere, f x is a colum vector with elenents f , b x
b-Joop pitksup. théThislingffluges obirp aeighoning oasst withapre-Jactoprelleqiag its

10 shiel.ding flux that |oop 510-b couples into the a- and
5%965%,%551 . See equation (6) below for a definition of
fl . If the d-SQ 38,1 O t Bg ,a passive coupler,
Wi t houte = Ht*r@cfﬂ%‘?ﬁg {@p&ﬁﬁ%ﬁﬁlﬁéﬁ?gg “of freedom Fhe
- SQUI D shoul d not be bi st ab! e. Thgr efore, in .
e?bg%\j%%étth@% é&f@(ﬁ@ﬂ%ﬁﬁﬂ&eésﬁy.emde%?e QIS albli@re s an
rf- act |

as a coupler, the rf-SQUID is
minimum of U, the £ does not contribute to the relevant order.

» 2
All that remains is to substitate (3)-(8) into Uin (1). Since, e.g., (qbf —-7:) does
15  not depend on the flux device state, one is left with

ﬁ’fﬂbﬁ'fbc By cos {ﬁg

O (V- . ")
QEZLWLch 1+ ﬁbﬁOSég (éba 7&‘)(450 7r) ( )

U7 = const 4

The first factor contains the product of mutual inductances expected geometrically. The

last two factors are < LI, or oo in quantum computing terms. The second factor is:

Bycosdy | Bpeosdy, B <1,

5 (10
1+ fycos gy 1, B> 1.

20  Thus, for small ¢, the coupling is anti~ferromagnetic, but it changes sign fo

ferromagnetic as ¢y —> = (only attainable for $, < 1).
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preferably nonostable. Mnostability can be achieved
either by biasing the rf-SQU D wth a flux close to an
WO ntoe@esssmunber of quanta (f small), or for anpCt/ICAax005/001987

bi as by making the rf-SQU D such that the

di mensi onl ess i nductance is | ess than one. That is, bo
4e2LbEb < 1 (here, h =1; in Sl units, b = 2p/c/Fo).

Thi s di mensi onl ess i nductance val ue can be achi eved by

r edygd; BGh&is.a l6@0 1’6&@&1& folaBfiioga BEQUINR sieh kofip;b and

h th bl Red
Vel éﬁ%@t%grgﬁﬁ RISy R Gre ThE: on
ex?ﬁfal ﬂg{& lf@gwda@&a Iobﬁtﬂélﬁth&*f-SQFﬁD gldaksdifeaict Biwden deedalof t

e Jose sSon unctil on | e S ngs to
and gferaal #@f Fﬁ@leaa{"thbf/ H’SFufEe&{lngﬁﬂf %@U’?’t?ﬁ“r‘?s é&ﬁ?@ g%% gsorre
gr%:ﬁ?@(?éaﬂ%@%&eﬁteﬁ By enﬂgeqaafesﬁ@v&l@rwéqn keBmPbrag emd 85 IQsR

osephson jun t|on inrf D5 10-bin order to
618 e@;p:slsdnes to SRt B, ¢ By end d 4£)deg1eeglnrmas expergeddad apwbantloapn

t ha aws i s lid | ei.t ir. .
rel ft;[?]? &é‘a pigd %Ibry BB %ﬂsg @ﬁcgfsoé%%stft erlg\gg gﬁ@ﬁ,a{usm i
geﬁéi'ﬂ' Kakr@@tran%é%ﬁt ﬁte@@tﬂtlal V@dnkidé cuné 6Rdeorpdfichrl ((Ell, asmni mum
Il have eXC|teg st at es, correypondlng to

st D8 S o FUORLD o b &S LI s e o Bopa Tt ¢ he

present sem cl assical analysis, the corrgsg ndi %
r ﬁﬂ@ b >

g todths @M ﬁ@ﬁﬁ@é@ -Myiny ) i @@%CUJPIV fosreasst 9

f th
ool s TR
. I 1
A Al ot s S,

lafte®, t&oﬁghmpw e asnana%las for ﬂhucdcwpcf‘awnggxﬂ!d @-smmhqrfb, éal

stuydi e
ook i 12 RO oo B S VR Bofines o
thOBRSRT1 Miwhbre L) Vyl’sintdma&nﬁn Bnti+fromaghetie r@cMsg is perfed) and
can be determ ned by sol ving the |I3§r|u condi tion

ﬁﬂ@ﬁ%ﬁ%ﬂ%n@“bﬂ@@ﬁ”“*ﬁ% Oﬁﬁ@mFﬂg?m aﬁ? Pﬁ%ﬁ Py phases
H%fﬁevgrn nda$ gk at &4 dzﬁ%*né% s M3 5&90&%@@1\5@ Blefeh@E S3Hu9H -

Pnverse |n ance matri x needed to the same
heR LI gréater WaRoRf(> (sh a0 Bt kY, @e skiéAasddeoncs kieid :mau am

el CopeHE S AT B ORI WP REE e G
feRbiskSetep the shielding fluxes of the neighboring ones
RN RE A AN ER e T
W (ol 0irkad 10 Wdtability)] dilewElg €8 fupohagend douflingeo tedarghie

Tlglse lo?r\és%ggds% t(ljlg g:ero in the denominator of (10). This is shown as curve 630 of

graph 600. On the one hand, the divergence is never realized in practice, since for any
Fnite M's one deals with finite differences, not slopes, on the S-curve. It should be noted
that the shielding current is the derivative of the energy with respect the external flux,
induced coupling strength is proportional the second derivative of finite difference of the
SQUID band structure. The potentially large ferromagnetic coupling makes it possible to
overcome any residual direct anti-ferromagnetic coupling through M. Since (10) shows

that the large-P, regime is quite inflexible, and that for B ({ 1 the coupling strength is

limited by the small shielding flux, this case Bs Siis preferred in some embodiments of

the present invention.
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Al'l that remains is to substitute (3)-(8) into in (1).
Since, e.g., does not depend on the flux device state,
wor@oeioeosseft with The first factor contains theCpCachesno1987
of nmutual inductances expected geonetrically. The | ast
two factors are in quantum conputing terns. The second
factor is: Thus, for small the coupling is
anti-ferromagnetic, but it changes sign to

f er VoD kdr ﬂlaﬁSne(tHé'hlf $QBih AbRALL eTEJQ(EOHQSp%néS)tO frk Gase 6

sha ég(&q 00 rroc{)gellngthetotal flux of an
cupe 6&persol filh THE mEs s disepoe & A letds picn s
anfl thd Xtale Gt @ rf\SQ’LﬁDSIaE@KtloﬁM I A dicaftt §6bvE ROMRLRS E@@ID is used

S-curve.  The ex n flux is applledtotheloop of
as  flux device some ﬁlﬁé"‘i;‘ﬂ@tsd’if foe gieERtBYBEWeen the total and

ext & Pdale efbotimérss, B8 0SMAL-SHUNYs atréu?a&al iRk Jakdd 516G
0, .620, 630 of graph 600 can be

W*@%w %F%hew%%s@%h@déﬁuéﬁ%@@ ipyagipnts Thipdssigams of f

mddEation. makey 1V@eaﬁ# thatBd 5-REPR ISt gﬁaCﬂL& %ﬁl%fdﬁﬁ@xr @aﬂba J‘os&;hsdﬁn d
as_expected for an n (0o

. a. .45 degre

BTG Ee MBIt Mt i Fr s io0sdigorts iy el gn

theGRoHRIte G tREL B - @eﬁﬂcbsns SRANPhroulidNe f1dk mmpalaﬁm:
i.nter etatl 20 for which (.1,

er curve
deyjees Sppp eﬁ%tP &‘ﬁg’eg%fﬁt ncsu%%%alfzat{m tq OtRFT tYPRLO fﬂtué evices
shoub(@dEbpardrk. the a-device flips fromt to 4 , then due
to the nut %Jt% i nduct ance -Mab<Q this effectivel y
i ncBAYPEY of the pregsnt 13yRRfiqn 15 that thegeds noreguiremant thakcouplgy s,

SQUIB 51®Bbé ﬁd]k@ﬂxcﬁy(‘cblﬁpl@ vhﬁ%xt%ﬂnﬂ@ﬁ‘cdl@ﬁ SThishad) b0 B/ aftigedis
|

s increase gets partially shielded by the
forﬁmfﬂatsge%oﬁlgr@w flux in the -direction. In its turn, the
latter, through -M - <Q acts as an t-bias for the
c-100 favoring the f -state there, opposite to
tﬁafémgl{g At upgdlg f?éfpl"?zﬁ’e‘ifﬂé’éde"’l?ﬁi &royehk 6 d@%@%&b HgngprEenound

of Wk EnPKaRRZef m@s&-@p/debia@d &AS6. 7, el ity WResBwh) ) 1,
e the maxi mum anti-ferromagneti c response is
SQUIP i fever BOteAG” Rcoppled iR O D & el

b, HSQUITESIAIR bl S&HRE HENID T 0-06: /SO0 7HONENEfLSQUBB Y 4. =
the argunment works in the opposite direction. There,

° TF%RECUSel&u}%?f%aﬂﬁ’églﬂé‘PB’ﬁé‘P]ﬁﬂe%@@rcﬁsﬁa‘ﬁw’éﬁé’t CUbsEIPLe® t hat

corﬁhbcftéd&é @ameaﬂr ke¥m bl Bayphel den&ksl%aﬂx@ Bl An 1S BhBISk Ab-a2! |

(? tua }/ cogperates with the |ncrease in external
71(H? G aluetaod guasgiiss dgve fpthese S QB Tringlyle
ferL,Q}mﬁbllgduct&&eb approaches one from beneath (b <

1), &‘h sl gpe of the S-curve at p increases wthout
boufhe fmepRets ST ahsiate K5Fnecky he campl odpAdPorhe

umfsemdﬁrmgmq{lg&cmmwyg to be large. This corresponds
he zero in the denom nator of (10). This is shown

e REBaRcitEEi ph 600. On the one hand, the

d| VE RS aDIs SriftaV&@fredt€al i zed in practice, since for
any finite Ms one deals with f| nite differences, not

sl op@R SANDUBRpRoL NS (de%ﬁed%‘&u ’df )pe noted

I, the current of SQUID 710+, wherej =a, b;, ba, or ¢;
®; , the flux of SQUID 510+, wherej =a, by, by, or c;

@ j, the dimensionless flux;

¢ , the dimensionless external flux “X” applied to rf-SQUID 710-j;
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that the shielding current is the derivative of the
energy with respect the external flux, induced

W@ omplos9agy st rength is proportional the second PCT/CA2005/001987
derivative of finite difference of the SQUJ D band
structure. The potentially |arge ferromagnetic
coupling nmakes it possible to overcone any residual
direct anti-ferromagnetic coupling through M. Since

(10y, showsu hlairakberbafge. b regime is quite

inflexible, and that for bi (( 1the coupling strength

In Fig. 7 érS QUD Hy-tthetwomehd, eashivish i 97 Josephson jupptionc Jasdeth 1
| S.prefe [ '

ond oy RiE BT DGy O ol 18 R ey o

a fikeSialeleent Ithi s corresponds to the case of curve 640 in

graph 600, K h $RRREA lobi@l N

I ev%i“%m&%1 ea‘%%\?ﬁl [eﬁgﬁc?a?l %@Q&%ﬁ%&? géggﬁé\t e of ?%gmrf%% SQUI D

to-¢dildmBicthhce msirixAd the mdtends ed above, a bistable rf-SQ HD
Is used as a flux de 'ceng\g sone, erbodi ments of the
present inventi‘en. T <8om eémbod! nts, the a- and
e- SQADs are pl-ddgd i Asi deMail ardéi-|l oop, which chazﬁjs
the sign of Rhatlh MabapdM x,, soembpat (9) is invari :
Thi s design d'b?bl cgwon _nﬁ@es it glearer that the
b-l1oop is nostly a flux trafttsforfrer, with a Josephson

wﬂre}eégg{e%n%%ggg h%‘(ﬁcﬂétélﬁe bitRe thatfiaki 10515%{@43& QY@ks thd theudl i nal

epends only trivially on the propertjes of
indubience betweeh leopd éand dldowespreled T boicialbsp e AFG GG PPt THiates g, x
[ - Q- i ces couple into the -SQU D.
m%g‘ﬁeg@fstp?ﬁaéﬁnggetﬁggz}\%?g%tipn to other types of flux
devi ces shoul d be appar®ntLl An aspect of the presert2)
invention is that the i S~no .requi renment that cou r
SQUI D 510-b be%ﬁ‘@g’h{"gé4b4’§b2€%bpﬂlged wi th external (&
circuitry. This nay be advantageous for limting
decoherence. Exanple 2 - Tunable coupling of flux
devi ces through a dc-@QPDa& Hansfornmer This exanpl QA‘)
anal yzes the set-up depicted in FIG 7, specifically
whetkat of two rf- SQUID flux devices 710-a and 710-c
coupled with dc-SQUED 71P-b.r I n the exanple, a, b,
c-SQUID or a, b, ang_c(z'dg'ﬁ?ft)e rf-SQUED 710- a, dc-S15 D
710-b, and rf-SQU DL710-_Ag,b regpectively. Hereafter,
in this exanple-a, k. and € as superscript,
subscript, or chbmedfed ?% a—vzgﬁ e or termby a hy&lhﬁén
denotes a value in r&l atiMp t oL.SQUI Ds 710-a, 710-b,
and 710-c. Values and quantities drawn to these SQ;KLJ?S
i nclude L, tMig=30u"Dinduéfandép tMehe di nensionl e
SQUI D induct ance (def.ined to be equal -t 0o-2TCLI/F i ?I
uni ts; Lok, ¥,z \ t Bins lheddmes 4ea1 T +In 18

On the other hand, the four Josephson junction phases are all independent dynamical

variables.
Of the circuit equations governing system 700, four of them are the Josephson

relations ¢ ;= 2¢Q;/C;, where Q; is the charge, C; is the capacitance, and ¢ is the phase
derivative forj = a, by, by, and ¢. The other four equations express current conservation

Q, =—2e0H /0¢;. The total Hamiltonian of system 700 is thus
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C, the SQUI D capacitance; 10, the SQUD s critical
current; E, the SQUI D Josephson energy (defined to be
WO 20060§945Re | the current of SQUI D 710-j, where¢T/€A2005001987
, b, or c; Ff , the flux of SQU D 51Q |, where/ a,
bi, b2, or c; f -, the dinensionless flux; yj X the
di nensi onl ess external flux 'X applied to rf-SQU D
710-j;ftot, the total flux of a SQUD, etc. In Fig. 7,
dc SQJID?l has t each with i.its own
Josephsﬁt‘mEEg%«e Epcoswa —4(®f—tq>"a)ﬂd(®+—gzh)+é¢¢g§ of (19)
dc- SQUI D af noted ds 2 and respectlv&fy and
get he a f| xed. bj u norl ng
fo%ﬁ e ah%t %’aﬁml n dsc Ca Mh‘iatﬁv@% I’SQ@%

fupctB@OED; jup¢tion plaststand chatge bnly,mddjtht asymenettiaichdioe dff[b ! Eﬁﬁb

B P s SR e BB

equpithn €19 A tndgedtis e “bie pesergyamiiectwbtywev Bit arbixdry=Wiodting out
the fl relates, the three vectors

=50 X curre
pemtglaﬁ?tﬁén?ﬁqu?tﬁ’é‘ ?988?5‘?% WEe On the ot her hand,
t he four JosE@zson Junjt |lon phases are all mdependc(ent)

dynani cél =Da Bos @f + £0® -@*) EUidt - ®Yuaklj ons 20
governi ng s/y 700, fiodr of them are the Josephson

el at.ions e,
Wjéearl%g £ anc exei{mc& qf Oflﬂie R4 Sﬁeén BH‘&?@"G& @ﬁ R]/Jﬁs(eF‘v e f orj = a,
i, Bnq»m hamh the aifdtysisdd dyenerdlantion efliekiSQNED @X40) Q&S wntmg

rrent, conser at| on,The total Iton|
th%%%‘ P tP?] or y 105R4)6m&x8§’dm§r{75% © %O%E 3@1‘???" ¢
degycmwhduﬂd 3 afﬂacttvblg at dapencieeySIiIH Meamk that thdill Svnexdethaliuxon of
‘Q ction phases ,and charge only, and the
shg 5 ﬁ‘@ﬂ?ﬁa@ ferdoi 1 Q) ; thessatioprey phgtsp Obey Hiestndagbesuptions| v
fo%eisagt@&aemcg@nventl on. That |s desi gnatl ng the Iast
two ternms of equation (19) as "magnetic" and "bi as"
ener gy, respectlvelﬁfsmﬁw birt=@rbitrary. Working out (21)
L~x , up to a c where Hb is a conplex function of the

syst em i nduct aficssgandf -pifasgs-247Iom-bere on, the (22)
anal ysis is a generalization of the rf-SQU D case,

agai n Writing B,,sing, +gn+a5~d +2el,I, =0 (23)
Here, By = 4¢? LaEa(,) is standard, but note that the definitions By = 432LbEbj (7=1,2)
involve the full loop inductance of the b-SQUID, not the individual arm inductances.
Like for the rf-SQUID case, it is best to leave the &; unevaluated in the M-

expansion of U, and one sees that their contribution cancels (to this order), since one
expands around a potential minimum. Taking advantage of further cancellation and

dropping all terms which do not depend on the flux device state, one arrives at

{J = const +

M, M,, By By, cos ¢b1 Cos ¢b2
4e’L, L, L, B, cosdy + f,, cos gy, + By By, COS B, cOS &y, (s =) ~m) (24)

in which all tenability thus comes via the dependence of ¢bl(2) on (¢;,1,) as given in
equations (22) and (23). For a simple consistency check, take I — 0 and Ey, —> 0. Then
(23) shows that ¢, =0 while (22) reduces to f,, sin g, + 45, ~ ¢ =0, and the large
fraction in (24) becomes f3,, cos g,/ [1 + B, cos g, ], which is exactly the result for rf-
SQUID coupling.
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webdoeotd45®| y at degeneracy,

t he phases in the formof Equation (4) and expanding H
to the sane order. The a- and cdevi ces shoul d be

external flux should conpensate for ij. In M , the
stationary phases obey the standard equations for the
i sol ated devices: Here, s standard, but note that the
definitions bbj = involve the full |oop inductance of

t he bnﬂfm@, is fhesyruneri¢ dEs QU ]immbth ragh@lilelnsﬁnmm@gqﬁﬁsfmch (ke
l, D

aifle e bzmé*""fr@xzpfa?%q AP Bl D Dhe ien A i at

e Shl o Ul R CRNGE B b s 95 & ééogé&ﬂ?pt a;’Qe

Waiile brerthR@Eeds @H&ﬁérb ﬁ{l)t Qﬁb RAMIA GORUAGAb chhfiliRh V%Fn
do not depend on the flUx device state, one arrives at
quRliRghi ch al | tenability thus comes via the dependence

of  afhefdiakRByvekdl nREHIAEARBSorlid stéﬁ O1d £Beve 85m5’gnm‘§tlcnpl e
consi stency check, tak Then shows tha 0O I'le

oquphng, ¢nsdierde Ronzerg i L svret bies, vhrz é@pﬁnmtor in @9 alvays onmes
I
6’%4?1*\19 Iand §os ot {1 |:<YS rh%er %g‘cld%n% nggg{lve sfx?mé%é&s Cy S”l&lnﬁd fortah

coupllng Base |

cumegd bh@ isbeiossh ab disBof a sh@metild U@-BQUE? kindd¥er X, 23)oné BEtHGE
+f 2 =fb - fb x 12) =lb Even in this case,

% n@bze gﬁi forpe ébefedﬁrﬁﬁjﬁ@tl@fﬁ statlpwph gh g /3 Tisicpuodhee | <

AT fier ) Sor Sy e U IR SRS RGO Bty

casef amchbqalbﬁtan can andstea”e:mnmgmv edualingnathaiylagy émhﬂbﬁe@ ST need
ystem o, achi f erromagnetic c one
foﬁgg D S8 o 1R e P B o R e 206

haiv® ¢f, 24, if6r F=V@VIS cRS, hdweer, RNBHBOS2PRE (BPhod tﬁh%é(@r
becone negative S|nultaneously The need tor a current

indhjctee imbadinge baiween thettiiede$I@IDomecas phgréiesine we-2SQUI D,
mﬁlgc for Ib = 0 one then has fb\ - f 2 , and for any
5t fere is a stationary state with fbi p /2. This

C an "P‘i}ﬁlll;J EheABRL hiysE @yt SMV\;S Iﬂﬁ{ the BhOER phdd B é'ﬁlﬁéf oL, an d

contains the'rf-S as a S ecl a

enﬁfﬂ%s W%blp eupkingin ths ¢lagpical cpssy ‘ih@’? Feul lmﬂsmqs@uw@ #out
re @Y oS HMifi§hat Bk ASnethtRE sBESH cb fersaasm)ﬂé)%s E&m@rgéﬁlz@ns

easy to prove for synnetrlc evices Wt Itrar
Pagieed. i carfinediie its ko visstwaergspitatetband. pRee Agerirf s abe 2e03oPhy|sxna1

RARNEERYs 9INOBYE WhicE BUBEHAAS ot bP Bderbiedin if I@MG&% a@n

quantum analysis, the interacting, biased Hamiltonian derived above can be immediately

used as a starting point. Also, the method of M-expansion should again reduce the
problem to one for the uncoupled, biased de-SQUID.

Example 3 - Details and fabrication of an rf-SQUID
In some embodiments of the present invention, rf-SQUIDs are used that
comprise a superconducting loop that has an inductor and that is interrupted by a
single Josephson junction such that the inductor and Josephson junction are in parallel
as illustrated in FIG. 11. For a given fabrication process, the Josephson junction is
parameterized by its critical current Ic, the amount of current it can carry without any

dissipation. The rf~SQUID design is then parameterized by the IcL product, where L
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i nduct ance i nbal ance between the two dc-SQUI D arns can
play the sane role as a nonzero fl . Finally, the

w@bwemcanal ysis only shows that the potential per/CAafs5/001987

equation (20) enables tunable coupling in the

cl assical case. That is, there could be devices
outside its regine of validity that are nonethel ess
suitabl e couplers, as long as the transformer remains

is A& FthMEnce Sor Gts dinfcAEibh1AG thdubtanct Snl MRS Whas & gythsflal e
and. See Averin et at, 2003, Physi cal Review Letters
qugtum057003, which is hereby i ncorporated by reference

in 'rﬁébe@@&lblr&ttwe rngUlﬁ iCHegR b Imadals 8 itSrespolie to
interactin bi ased Ham |t oni an_derived Pgbove can ?cﬁ
od

exterpeiyieniied Joybaids spupled &te the SRY R & ipctomn Eopa eyvpanpl
flu@fa Mcﬁ?éﬁ@é‘éin@ﬂt 1§ Hﬁt’de@ iges U[l? dues coiapfide bl eparficuiapne
or the unco@g d, bi ased QJ@%& Exan;pl eXntg 1

flupstetg of dheay R b Fios ¥aljes A @%Fne%o s (35°f preaighigan ©

rf-§6088 bmtlﬁlﬂﬁfstabféem&ﬁlﬁl%%tt for B‘p@LﬂEM&Wah{efof S@hidy are
used that conprise super conduct i rg% lgat has an

applird ik others G Yeragre Fbén PR S Y ‘g}%?f E%ﬂtl Josephson
] UN§fah @ Bpptidedbnk Rabird 18 fuR dbgldring i -Legembs Qﬂuq:tblm ction

are in parallel as_illustrated in Flﬁcfil For,a given
thrpwgy 4 teapsfogperp Foeediciently dhis srnsforag fovRls i dne f‘§1gn

coHﬁfaﬁ%ﬁ@ frir &M (Y thede Wil il £ B sofildlch@ithint flacetilbg tiRmouNt
current It can carry Wlthﬁg}: ﬁg di ssi atlon tae
SQYIDSyctnere oA gF U ERRl i ER alge sRpstraRthp aflowe
diRERfLs indt@nee b4 the $HBID, BEEICHANE Goss. OThebd tHo constraints
di mensi onl ess i nductance 2pLlc/Fo, where Fois the fl ux
detprraine thaallyved %@%%fﬂ%““%)fmfl pFenkOU D i s described in

t er Mhdef fhﬁr&aﬁ&ﬁ&‘&@%tﬁfotjﬂlcﬁéiﬁ)%ﬁd‘ﬁ’l(bﬂé-ﬁlmbh)ﬂi)wﬂDMS t hat
is coupled into the S IDSIEI,p ctQr iven

iy iy oo it arce A R EToH b P R e T RS e

is é@w@d"\m SR Bﬁﬁﬂﬁ@é&ﬂ %r &zo 1999PSpkicordidiing Scincsgat e of
| D. For val ues of di nmensionl ess, inductance

Tegifi@éﬁg@fV(tlh% PR 38082 yhighdie by ARCOBROTARS B TOETCRET B, it
?}n LA grptcgpﬁabﬁc‘aﬁo@prﬁéﬁi ihElded b NEAAI0ENBftrileydr @cﬁrrfﬂiricytlon
flux, there can be nore than one | e
of§ 95&?1@0@ funchiensy e deglsepic IRIRnEBRT ifoR faﬁimi é‘%fg a él 2h at
Wﬁ1b}yffla}99é"§ﬁh§é} de sﬁe&xﬁﬁlgﬁ'f-m%ge“:& @uttéiﬂllgpatndranhdiﬁimigh a
t r anst or rnrer.. ficient

this tran | es
metplipationslayer deravigpe- c%‘ﬁél%qtaél?ﬁton (] af%?@ﬁ?é‘ﬁ?{%nﬁ@oﬂ p

usiMe! de-nbHakdnY l?cﬁ‘enﬁ? MEheQMNRIC, @%rﬁrﬂapér&:&(ﬁﬂe &Hiboida& wﬁ@db-D
% du ct ance, R

i cul ar, app ﬁ%ﬁtlonvvl %‘%%all
m@gnsﬁowné‘mﬂaq ‘Hlt}t P?é"‘na‘?t‘frﬁ)?ﬁé’éiendp SVB IR fEGEEhce of
mBlﬂ@m S @leqg}Ie?E‘antb@ glov@onltRsSthse NHRSE: Hy\wld@ﬁidlﬁdf aahift S

determne the al |l owed range_of Junctldon cr L
layay of elpminum (e.g. having a thickness of 70 Angstroms) deposite on the base
Nb layer.

A sample layout is shown in Figure 11. In the layout, the X represents
Josephson junction 1106. The definition of the junction area can be made by a
selective niobium isolation process (SNIP). See, for example, Shoji ez al., 1982,
Applied Physics Letters 41, 1097, which is hereby incorporated by reference in its
entirety. Layer 1102 represents the base electrode of the junction trilayer used as the

lower wiring layer. Layer 1110 represents the upper wiring layer. Square 1108

shows the area occupied by the Josephson junction which is formed from the trilayer
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Modern fabrication of dc (two-junction) and rf
(one-junction) SQUIDs is typically perfornmed in an
w@bdosedss@ct ory nmetal nultiplayer integrated cPCT/GAR005/001987
process as is described, for exanple, by Fritzsch et
al, 1999, Superconducting Science & Technol ogy, Vol.
12, pp. 880-882, which is hereby incorporated by
reference inits entirety. A typical fabrication
apd amestd b apped @dring 1Y N 1OKRBROA 104y REsehi9h viaaRak&at | ON
of JoigohsonlJuniflong, one dielectric insulating
CPIRGRONLPINGPD [axe &42nd d110n The SQUEYs mdpstanse isayadsap of
tiseflodp fofmedey alsd doamlbctidisi@tirts SRBTBWEON 03 BA fiet M0 vAlik
120 ggth%onal metal { zatj on Iaéet for mnrlng_ The
HEL ar™*A814eBRCq By peicailebe gplsulatef i soms WageER Fithe usi ng
anttyticalfaeiul 00t thipertiinehkig! clfARmNBAL Poadngtsbiya% e Thean
he ge§§SIt%g.MALh dﬁpagnetron sputterlnqh with
oHGALHEERY AL thed Baedim il e Rrepostionah o fiyatehing the afticakayrrentee
déristpofithe patheilAlABricdtRy @FocaN be grown on the base Nb
| ayer by oxidation of a thin layer of alum num{e.g.
havi ng a thickness of 70 Angstrons) deposited on the

base No | ayer. ACs@IRIoRakBBERMncdsTisdnown in Figure 11.
out, the X Lgpresents Josephson_ j unction

Int lL.a , ; J .
11 oe&ﬁ?ﬁé%&% FlsiherelRgpeomorts bereiniby riarnsa indhsi stiretade
artalyforenll pedpet tovies s BiténisiSdtBihdidBuap piiesion irPMeR)or p&R .

far .exanpl e, oji.et.al, 1982, Applied Physics =~ .
orpffe Gt A il e A 2 dbrge in
ity extiRtygdiad pupodet.S entirety. Layer 1102 represents the

baag%elect_ de of éhe_Lunction trilayer used as the

| oweY “TRINEFaPeRPapd virigiens of ponyaipreerhe snadpaithonier
deplaiting Gomadls 8pirit DULASHR, &3AB b iPafent D RS 8A1QGH HRIAd THY

t he Josephson_jupction which is formed fromthe
SEEFiTip B BT L AT RES BB e AR OHRY Ao roniy) i the
inReGioR i td BOUMREIITBSBNhS tetnd/d e a? SHdE @ Bihinfs ONRRCHikORe full

bet ween |l ayers 1102 and 1110. . ﬁe SQUI D s inductance
SCPRe ﬂllévadﬁ%sotf’ ViRRk spefuplenpd pieRtitdsg- ¢ he connect ed

structures on the | ower 1102 and upper 1110 wiring

| ayer. This inductance nust typically be calculated in

some way, with either analytical fornula or

t hr ee-di nensi onal el ectromagneti c nodel i ng software.

The critical current of the junction will be

proportional to its area and the critical current

density of the particular fabrication process.

Concl usion and References Cited All references cited

herein are incorporated herein by reference in their

entirety and for all purposes to the sane extent as if
each individual publication or patent or patent
application was specifically and individually
indicated to be incorporated by reference in
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its entirety for all purposes. Many nodifications and
variations of this invention can be made w t hout

waolepanti4ng fromits spirit and scope, as w | BPET/CA2005/001987

apparent to those skilled in the art. The specific
enbodi nents descri bed herein are offered by way of
exanple only, and the invention is to be limted only
by the ternms of the appended clains, along with the
Wedldimscope of equival ents to which such clains are
entitled. W claim 1. A structure conprising: a first
flux device; a second flux device; and a first
LcAuphétmeg coemiisirer: conpri sing a first coupling el enent
and fhé¥%ag%%wsoupllng el enment, wherein said first flux
ice conprlsés at |least a flrst | obe and a second

I obea setrad Tk device; eddect rical communi cation with each

ot her; cond flux de | east a

o1 e sl SEARCL ot end EH1E C B RTINS il ol
cauphmaedénoent.ivderei t h each other; said first coupling

el enent C e coupl es id first e of

first fl ux81 gresﬁhcl: e‘!{%bc% RSPy ?‘7"3‘?33‘1 ao%%a%bfe PHa S?@’&%ﬁge
thi] apexincbeeiricel; comaiudwstemomm aammhérng el ement inducti veI y

coupl es sa obe of the rst. d ce,to s

second | gab& 5 "tr‘?“é‘ SUEH HEPRIE & L?astgé‘g% ?‘%{3‘3 Peqa %Fﬁ
lobethairatke malqotncai@omhmrﬁam(m véithesattodthdrn el ectri cal

conmuni cath @n, Wt and df.ir a

second c%ﬁ%ﬁmt“m'ﬂ%ﬁi @”ngﬂﬁﬁﬁmes&?ﬁ@ﬁ%i%ﬁPE@%
fistnfixategine ® Saidaﬂlstlkﬂaeg)féﬁfsﬁ:bnd hand&lich; and | ess t han t WO.

2. The sga ctur rst f

;
devi ce aifd Said Se lg’ﬁggmeﬂymg‘gg}’e coélpg @fr‘%ﬁ‘f%]ﬁﬁ it

firftl dgxicel vsatlesscond lob?fbéthst;ercunxt davieepf claim 1, wherein the
first lobe,ef the f olds a
ci rcul at Faﬁ%Prgbaﬁlg e°8 f [l%gi%‘?‘}/seaﬁ? m’R %W&“ﬁd

cogimumicatid with ehich efbér; md t hat opposes the circulating
direction up ond urrent held i.n the
second | oabé){i%?a“?ﬁ Coflﬁ??oé’f’ a ] %?Pgetﬁ’gs\f’ra av%ﬁgmmé‘c"?l?ﬁsst

indwolecathattihgregadhmmd). § dndXesd éhah 6@0.hol ds a circul ati ng
super conduct i ng

2. The structure of claim 1, wherein said first flux device and said second flux device

are gradiometric flux devices.

3. The structure of claim 1, wherein

the first lobe of the first flux device holds a circulating superconducting
current having a circulating direction that opposes the circulating direction of a
superconducting current held in the second lobe of the first flux device; and

the first lobe of the second flux device holds a circulating superconducting
current having a circulating direction that opposes the circulating direction of a

superconducting current held in the second lobe of the second flux device.

4. The structure of claim 1, wherein said first coupling element or said second
coupling element couples said first flux device to said second flux device

ferromagnetically or anti-ferromagnetically.
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current having a circulating direction that opposes
the circulating direction of a superconducting current

woedod/ 09356 he second | obe of the second fl ux deRCT/€A2005/001987

The structure of claim 1, wherein said first coupling
el ement or said second coupling el enment couples said
first flux device to said second flux device
ferromagnetically or anti-ferromagnetically.5. The
structure of claim1l1, wherein said first coupling
enment has no coypling strength between the first

0
5.1 PR trbeiee © dﬁﬁﬂﬁt econd flux device; and said
secand figdJPlpling eleh MR noRsplagsirdtigtebetden ke sigtukengt h
betpgg& the%£€rs flux device and the second fl ux
deyisg prpthe peconusqevisei®ife of claim | 5further
CONREiH $¢008d cAipliftférhdi@haaTinite bouplind @rthgth BeRsEOMme drsand
ﬂéﬁﬁ?’%uﬂﬁﬂ reé@iﬂve to said first flux device and said
Sistanq fisSEerA & devish that the coupling control
system can create a state in which said first coupling
vice has_no. c l.ing strength. 7. The structure of
62ﬁ§ﬁﬂW@F6®ﬁ§F§}ﬂ%@ﬂ§r fP8g control system conprises
gl nﬁgeﬁ;ﬂin@ chttok s%}eﬁﬁdi%@tﬁcﬁled arfd o@ﬂ.tﬁgfugdatrelaﬁ\aa&o s&d ggse, or
ofh a netic u ias spurce and a current bias
ﬂ"é&ﬁ%?”ﬁ"e?nra/aﬁ%@rsé?%dﬂﬁ’ééivé‘iﬁ’ﬁF‘? ot e FOPRIRE SORUF QL fysfegn can
cr&fad $tgel rewhitiDsadPirstycodpligdsvitthak Re caplif @fengthe fir st
and second coupling elenments. 8. The structure of
claim1l1, the structure further conprising: a coupling
7. Cltielstr@dtu8 Y5 E16iM 6l iwkeRal thneulpiaipttosedl fsy @il esnpgrBbad | ve to
sai d éirst fl ux device, and sai% econd flux device
magngte fcias qurce G R Slaé SO PSS BARE 2558 en
andt chR@f bias foukrdel Whersih MeRollindBbriid] Siesh if borFlgwee ¢PdppRY

device has a finite coupling strength; and a second
a@?Sa‘PéheieﬁaWﬁW@aqngS‘ch’i’ fou qnﬁ’@“%devi ce has no

coupling strength. 9. The structure of claimS8§,

erein the coupling contrql system conprises a
8'%ﬁ€?‘iﬂ€ef’?ﬂ§m’oﬁé}? Sgrﬂ‘fﬂ‘réé‘,'rg’ﬁr CHPFPERE bi as source, or
bot fa cau R&xttiol s;fs{ﬁmﬂakra&nsmn]{dl@enm@daelawert@ Bdid Bisas

sour ce, erein.the mgnet i ux hias source is
AR Rt sgrot) O B (g oS ura RoRel PR peles
beitdn ggl6pnd coupling el enments. 10. The structure of

claim!l wherein,said first coupljn lLement,, said

sec ot EBisar Mhtsh stid ﬁtshfqupmg dotonhas it coupling JtBEtng
angl ement and sai d second coupling

a second state in which said first coupling device has no coupling strength.

9. The structure of claim 8, wherein the coupling control system comprises a
magnetic flux bias source, a current bias source, or both a magnetic flux bias source
and a current bias source, wherein the magnetic flux bias source is configured to

apply a bias to the each of the first and second coupling elements.
10. The structure of claim 1, wherein said first coupling element, said second

coupling element, or both said first coupling element and said second coupling

element comprise a de-SQUID.
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el enent conprise a dc-SQUID.11. The structure of claim
1, wherein said first coupling elenent, said second
wa@omplossago el enent, or both said first coupli ngPel/enenns/001987

and said second coupling elenment conprise an rf-SQU D

12. The structure of claim11, further conprising a
coupling control systemfor controllably tuning said

first coupling el ement, said second coupling element,

1dr Thottuctsied of claim $le§b@&iﬂbd1dlﬂrsﬁdo@ﬁlﬁfgtele&féﬁt sall decsggond

n structure of claim12,
oSfHtPe PR G TR nie iy cCitid BMEySh e sk Sudlbeans
efeoenttcomiprigs amaf-8QUID.st coupl i ng el enent and sai d second
coupling elenent so that said first flux device and
said second flux device are not inductively coupled to

mam sumefe ofﬂélm T fertiss E:c’oiﬁ;ﬁrim@ aQBuISHnQ lcaataol Waeneip the

ofildatitf s denice andt e, second TLux device are o
i i et §IFSt §%ipIing elemmery, 5 e poupfing Fpment, grdpdi n
sadfict fdupBig dembns acioald ssaup coupinetlengnt s each have a

di nensi onl ess inductance that is approxinmately 1. 16.
The structure of claiml, wherein said first and

13 eTlesttuciowe pif Elaign ez e«ma@tn&aﬁasﬁpliagv&m@l @sﬁﬁr&h@m&s&m
ﬁh%%%?%@@éﬁ tQa betmeg $ and
StTUE A TSP ‘éﬂ ing FJFT“&&H S& #&W@Plfnaﬁ%eﬁ@m so that said
firsoflp desicagnd siduecond|fiuk Yiewfe drd 10t idRMiveBSouplBEtoRhs Ghdr! Y
of flux devices conprising said first flux device and
said second flux device; and a plurality of coupling
14l etieaascturt beclphiil @hdréiy 1Rffir@ R UEAE 618 VieGBSone AR tbgicnd

m%gﬁd(%l %@£oupling devi ce, wherein one or nore
Gﬁf %1 ices in said plurality of coupling devices

conprlses a plurality of coupling elenents. 18. The

vherein the plurality of
ST Rl Thith s Tt udsemat Eumbre igesirece
have aginiensinges induttatteainn Bl dppgxialagient and a fourth
coupling elenent; and wherein the structure further

conprises: a third flux device conprising a first |obe

16afite mmﬁaarfdlahﬁ)bewhdﬂhﬁﬁa@d firsSaid dedohd EhpBRLNEL Sk &bipment
] es t the first fFux device wth

¢
hatvﬁ% ll‘n?ePi‘}? ?88 Bléiu‘étfmcFﬁléat t%@%ﬁ? Y024k ce; andsaid

fourth coupling el ement couples the second | obe of the
i.rst flux Vi ewth th irst |I.ogbe of the third
r; 1% Strsore o %ﬁ§U§WFﬁ FEOBPIERGi m 17, wherein

each pﬁfralﬁ?ﬁ&f forx Uit fhb PHrABEVGIERS dbvices Abpiny Mdidryt Of
evices is ﬁ Ied tqg two, three, or four flux

lylp 4 8 SaroRd Rt Perfees 47

a plurality of coupling devices, the plurality of coupling devices
comprising said first coupling device, wherein one or more coupling devices in said

plurality of coupling devices comprises a plurality of coupling elements.

18. The structure of claim 17, wherein the plurality of coupling devices includes a
second coupling device comprising a third coupling element and a fourth coupling
element; and wherein the structure further comprises:

a third flux device comprising a first lobe and a second lobe, wherein

said third coupling element couples the first lobe of the first flux device with
the first lobe of the third flux device; and
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of flux devices through different coupling devices in
said plurality of coupling devices. 20. The structure

w@booeloed4s0 17, wherein the structure is confi gureriCaumto01987

that a Ham ltonian of a problemto be solved can be
mapped onto said plurality of flux devices. 21. The
structure of claim20, wherein the said plurality of
flux devices is designed to solve only one

Hamidid eotirtasoupling eldnerd ppailattiessecmdpobie F thg firs fifk destice

dnfo i on. deyi ce: second i nformati on devi ce; and a
‘mﬁﬂﬁbﬁgﬁﬁhag %%?8aﬁ§§3Wﬁ'the coupling device is

configured to inductively couple the first information

deyi ce and the cond.i nforpati on deyi.c r;
19 TheSET P navs aosih el ol o BRI LGB CIE ST
plirhigy opfiipt devipebie covpba to heo, fireesbr fomf fonriaticerin ekdd plomlignd

he second information..device in.. manner

of flax devdses %ng‘r‘ilb%eﬁ%{[ PRPURR TSy R %lg pﬁ%ﬁt{ &eér0 raxg#gg netic
degioepl i Nng; and sai d coupling device has a di nmensionl ess
i nductance that is greater than 0.5 and | ess than two.

23. The apparatus of claim22, wherein the coupling
200 Gk eeucheEpf dldms 7pwierein theptrecte isgbniigyrel sectethaisa t hat

oo LAt [LOP el SR 2P AP Py BRE R AR

defiR¥d. ce conprises two coupling elenents that are not in
el ectrical communication with each other.25. The
apparatus of claim 23, wherein said coupling device

21f umk bRlichee sPARED, ®havih thelaifl plurainy ¢fdhixrigvitdses daigpéd g

Fethen &ng'irst i nformati on device and the second
SOPVRBIYHRE P P ce in a control | abl e manner bet ween

ferromagneti c coupling and antiferromagnetic coupling,

wherein said swtch conprises nmeans for concurrently
22c AVAPRY AU BJOHSTE st coupl i ng el ement in said one or

nor @ HauRbintgoetieme@nts to go from (i) a first state in

whi ch thg_firs? cgungn el ement has no coupling
st r SNGTRd {Hopafign devicg @d state in which the first
coupldotiglingldevies)tvhbram a coupling strength; (B) a second

f 8 ug | crg)%pl?rllge evi@é isicgnﬁc'g%ire% too ﬂl%uc%(/el%gueplectgg Plll‘slt fﬁ%rﬁlat%ﬁe nts
device and the second information device together;

said coupling device is further configured to switch the coupling between the
first information device and the second information device in a controllable manner
between ferromagnetic coupling and anti-ferromagnetic coupling; and

said coupling device has a dimensionless inductance that is greater than 0.5

and less than two.

23. The apparatus of claim 22, wherein the coupling device comprises one or more

coupling elements that are not in electrical communication with each other.

24, The apparatus of claim 22, wherein the coupling device comprises two coupling

elements that are not in electrical communication with each other.
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from (i) a first state in which the second coupling
el ement has a coupling strength to (ii) a second state
WO ooslosalo t he second coupling el enent has no cPOUPCAR®S/001987
strength. 26. The apparatus of claim 23, wherein each
coupling element in all or a portion of the coupling
el ements in said one or nore coupling elenents
conprise a dc-SQUI D. 27. The apparatus of claim 23,
25\./\’&@5 @parala_a@h cl@ilmlm, hwhgreRl seidRbiipling dalide forthea cﬂﬁpzﬁsieﬁ)m of
the coupling elenents in said o or. re co i n
SRS AT SoHTBS OBt B berradiy i TR By ad By Spe
infolRdtith Advicanh arcehtiolaBle ehafuer Sétwhda forroraignedt ahepligend anth
gradiopetric flux device, and said second info&nation
Feerpagagi couBlngy HRCTE L Pl CQRPRRS MRS TG OnGHEY
cadfppar at us of claim 22, wherein said coupling device
conprises a switch for tyrning the inductive coupling
bet VLA RH@UPRIEAIeRSR B sHi R TRuy PRl Aol BEsdmy
@) arifrﬁlrs’_fﬁ&t ih Whidhand fet da_e%mgemnm hgm nGédpkng strength odw(ki)ib he
coupl i ng deyi ce_provides an inductive coupling between
sefad Sl S PORCH b AL PUR T S e it R SRR
i nf Q?mgei:%ﬁm qéﬁpdir@%le@i_&gt iABai@bie cﬁ&rﬁi@cduplin@‘eilcjﬁi_i\erﬁd”tg go
coupli.n evi ce provides no.inductjve couplin t ween
) § RLYF ft SRR ST BERE HRPrHErS & Goige STengfi 6
(ii) DEREIPBtAtOh WIEM BEsectl colpltrgappictial fo efuplih@itrena,
wherein said coupling device conprises a switch for
tuning a coupling strength of the inductive coupling
26 ethegiardiieriiatis 03 ivikRinati anpligvdasnandlltde pseionnfl
infoination devLﬁe.sl. A netrodlof vvitchinagd
the BRI BIISH i S0 TSR SRR RS CAm B S-SR URy
i nformati on device, the nethod conprising: turning off
a first coupljn | ement that couples a first |.obe.of
27 e piestios G BEo P Rt Pl oF SBEFBRSS e
th8 E6PNEL é1eh&fdMishi@ Ondlervh Eecouplin dlenidhtsngmeriseans &S QUIED.
coupling el enent that couples said first |obe of the
first information device with a second | obe of the
26 et Rfha T IRih 07 wierice, wherein said first coupling
element. is initially on and sai.d.second cqupling
el erfdifdirst glf?waf%ﬁ‘{ﬁeb%af gradiomeyri¢ fleqevViggi8e c ond
CoURkidREL08d BRRAhEoRdRich Bla dratii@hedid fluxcRlice.omruni cat i on
with each other; and said first and second coupling
el ements each have a di nensi onl ess i nductance that is

29 "BRBardthAdT cirk 28 eheleShid ddaplink \@oviceXsdmplibe anwiitbiotbr of
claim 31, wherein . . .

turning the inductive coupling between the first information device and the second

information device between an on state in which the coupling device provides an

inductive coupling between the first information device and the second information

device and an off state in which the coupling device provides no inductive coupling

between the first information device and the second information device.
30. The apparatus of claim 22, wherein said coupling device comprises a switch for

tuning a coupling strength of the inductive coupling between the first information

device and the second information device.
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wo bemewsind i nformati on devi ce;

said turning off the first coupling elenent renoves a
first coupling fromthe first information device and

second coupling elenent initiates a second coupling

between the first information device and the second

i nformati on device. 33. The nethod of claim 31,

wherein the first coupling is ferromagnetic and the

3t esomthodfi plitahingi aa:oﬁ;ﬂinlﬁ-oﬁ‘ ;e ﬁfs@iﬁ&gmeﬂic?m:levﬁé andlh@cswt hod
ein the first coupling is

Hﬁ&?& ?é??%%ﬁhﬁgg%'égﬁﬂxFﬁ% second coupling is

fer rmmmgruff a ﬁIZSt @ﬁplmlg eﬂmﬁdnoﬁanfoulﬂmwmbea)f@lwm%ﬂ ng

vi.ce and, a. second

. t | on d

mﬁ@ &%e@me dev f{rfsre)E rTZ lﬁgﬁqg%mé%m?qnsqeﬁlge ®ni ng a
f | r Sttlrnmglqnlal an:;pné lceupting eleiarit ﬂmcmdpes s?d fiist E)lbe gﬂl@@ﬁﬂf e
ce w a I r t (0] t

rmat i
inkdiRat] @lick Wil b TR S0P S ot iirntych St Nerom
cou pﬂmdrfgstebmmg tletnhmtis mirlafly 68 articdaid stdond todplibg elofherdt e
ingt.aﬁlgto jnfornmation device with a second | obe of the
nd’ i nformati on devi ce, wherein the coupling
bet weiddirithed fecost couplingrelmicnB Aredeyinct:caial dhenmRensd

Wi EQL t}gg devi ce produced by said tuning of the
secon (?I ng el enent cancel s the couplingbetween
t he Sﬁiidrfstt andlﬁeomrrdaioilpimgd:kmieﬁ’e eavhthatdedimensiditess inductance

th'tr}f roRli o evd .1;12 uced by said tuning of the
17 st cou Fi'Wosaid first and second coupling
el ement s are not in el ectri cal comunication with each

ther: .a al d,first and second coupling el enents
ﬁhnﬁého Of¢ 8‘|"h%]n§“h8’ﬁ PPess inductance that is greater
t harsai@ tniap difitiesfystdoapling \Wemediemd e a et bAGlins fréh @em

n .sai i rst li.ng . el ene t conprises a
ﬁrgtgp foga%\of’) dewﬁedanaﬁkée ngoﬁldérgu‘gmflﬂ%fleﬁ’bce % aid first
couphiil mgniag emﬁmseamahpmphﬁmgel?m]:t Bifjiates @ YedoaMEoUPliAS oa a
. 37. .The net cl ai.m 35, erein sai
be%eregtthecfﬁr%p?tgﬁlg‘ug? g%??tanggﬁﬁ?‘io%?f afiqn de ‘Wg’@il D, and
wherein said tuning the first coupling el ement
C rise ni a. flux blas. The nethod aof claim
5 AR o8 . Sueshiechizomige o et tes o
sechmd cG@UhP;s aatidervdaeipadtic. sai d tuni ng the second coupli ng

el enent conprises tuning a current bias or a flux

bi as.
34. The method of claim 31, wherein the first coupling is anti-ferromagnetic and the

second coupling is ferromagnetic.

35. A method of removing a coupling between a first information device and a
second information device, the method comprising:

tuning a first coupling element that couples a first lobe of the first information
device with a first lobe of the second information device; and

tuning a second coupling element that couples said first lobe of the first
information device with a second lobe of the second information device, wherein

the coupling between the first information device and the second information

device produced by said tuning of the second coupling element cancels the coupling
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39. The nethod of claim35, wherein said second
coupling el enment conprises an rf- SQUI D, and wherein
W@ 200d/069480 Nng a second coupling conprises tuni NECECARWOR/001987
bi as. 40. The nethod of claim 35, wherein the first
coupling el enent couples said first information device
and said second information device together
ferromagnetically; and the second coupling el enent

befRBPILS $irst &lf6knfatibs Bevidd had MBkdcom Hevhatonaladics ploducsébpnd
information device together anti-ferromagnetically.

saig funing oftthe fisl FOBPINGFHICEE ng: a first flux device: a
secondfifst khd dent CBupliag Bederftd 46 hotSkleddicd vghtinication
inductively coupled to said first flux device and to

withgagh ofberot | ux device, whereinsaid first SQU D

COUR);@first SndCREnk @bhipdidg E10mbBRs $adh Baleta@iémiohdes inductance

ferromagnetic aor anti-ferromagnetic i nductive coupling
thay ésy gReasss teag;Ocp ?”idrl%SFH’PPB’Wdevi ce and second flux device;

said first SQUI D coupler is biased by a magnetic
field; and said SQU D caqupl er has di mensi onl ess
36, [aeEedAn 6 S 35 YhFE RIS FreRies dems TRRESHER ¢ wo.
SCAAAD, TBwEd ik SLigfRing fof Ghidir blplinghRiRhrcosmrisks sy a
QUID coupler, is an rf-SQU D coupler. 43. The
cugent pieg QF & I1¥ YigY-ai m 42, wherein said rf-SQU D coupl er

has a di nmensi onl ess i nductance between 0.7 and 1.1.

44. The structure Ef claim 42, hhe structure fur%her
376 SR FIEUPH GF Clamig HBTPE SERPLF PR PR EoRPET Wit o
SCEPID), ¥nSwhelleiNBAN Bining tid fEbtdotiding BRmEft-cobfileDtimingpl fat,

Wherein a strength of said magnetic field determ nes
bigthet her an i nductive coupling between said first flux
devi ce and said second flux device is ferromagnetic or
anti-ferromagnetic. 45. The structure of claim44
38t s1cthod af elaiatpn whereinspid peroRheouRling slemegt Compsises 245 o,
SO 2R WRGEH kAE YuntHs tiRfdestnd Qo@ali’ﬁg;ﬂ@xﬁeﬂt e&Eprisaftining @

I'nducti ve coupling between the first flux device and
cuprget biss pAEYE Pig% device is anti-ferromagnetic. 46. The

structure of claim44, wherein said nagnetic field has

a flux of about zero,. . . .
39. The method of claim 35, wherein said second coupling element comprises an ri-

SQUID, and wherein said tuning a second coupling comprises tuning a flux bias.

40, The method of claim 35, wherein

the first coupling element couples said first information device and said
second information device together ferromagnetically; and

the second coupling element couples said first information device and said

second information device together anti-ferromagnetically.

41. A structure comprising:
a first flux device;
a second flux device; and
a first SQUID coupler inductively coupled to said first flux device and to said

second flux device, wherein
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wi thin an accuracy of about 0.01 *Foor |ess, and the
i nductive coupling between the first flux device and
wo b@wemeond fl ux device is anti-ferronmagneti c. PACATI08/001987
structure of claim44, wherein said magnetic field has
a flux of about Fo/2, with an accuracy of about
O 2*Foor less and the inductive coupling between the
first flux device and the second flux device is

f er LABRINESUD cBler EREnfiurddéd by @ndifto ptoaidafdZomaghaiceir n
the rf-SQUI D coupl er

\ C .1s nonostabl e. 49. .The structure
ani foreomygEeaOA SO CORIRE e EeT S B QR Silagean Bk
netic flux bias source configured to bias the

rf-SQULD coupler with a flux close.to an integer
nuntrdd it S%Uﬁ%foélpleéﬁ.bl st IPWQ&%eﬁ‘gfangl ai m 41,

wheggd SQUITS cduiplet hastniims@eanes hiusencembtdesreaterthan 0.5
bi stable. 51. The structure of claim4 1, wherein the
and fessthag Wox devi ce conprises a first |oop of

superconducting material interrupted by a first

Josephson junction; apd the d flux de
2, DS o er bhaeoBerre SELD SRS HEPRRERP:
comgggrrupted by a second Josephson junction. 52. The
structure of claim4l, wherein said first SQU D
coupler is a dc-SQUI D coupler. 53. The structure of
43¢ AL BRRwe MPNHRIAN, Widréin Ssd SQIUDDCOWE s b Singysivmiéssi C.
54, The structure of claimb52, wherein said dc-SQUI D
industrprecictvesn 0((if88 1dy a nmagnetic field bias device and a
current bias device. 55. The structure of claim 52,
wherein said dc-SQUI D cou is asymetric. 56. The

e

445 {Thg sirygtuse offclaimZnthe struc H CSGPF e - SQUI D coupl er
i S LUneHRYwAHRINStdGighketchpbiyasid dayghaie fichlAo tHERS
structure of claim4 1, further rising:

SQUTR eeuples, werem 4 srepgth plsawd macgﬁﬁﬂcﬁfe%tﬁwegiﬁh%lﬂfn

in \ﬁb&@oagmme%h Bld Gt fhuf deviet afd 441 sevnid Clex dedeesiai d

second Tl ux device; and a plurality of SQU D coupl ers,
ferprapgaptic @aai-festaniag"MSupl er in the plurality of SQUID

couplers is configured to inductively couple a

different pair of f|ux deyices.in the ral ity of
45. e sEesiure géc,lal%a wharasad If“ﬁ%“SeB%’ 7' ﬂqﬁ @‘L“%*r ﬁjéhiﬁ‘ (5o
whtf &Pic%écgi d}‘fat&{ﬁ e8.1 8@&7&} 1§As,'?],ra§a heQduBieRupiRE bbificerhe
) ,

structur claim5b vherei n_each SQUI D coupler in
fisefluk devige and; the/sespnddtom)| dpyiecols prtsfesromasneif i gured to be
tuned to provide ferromagnetic or antiferromagnetic

46. The structure of claim 44, wherein said magnetic field has a flux of about zero,
within an accuracy of about £0.01#*® or less, and the inductive coupling between the

first flux device and the second flux device is anti-ferromagnetic.

47. The structure of claim 44, wherein said magnetic field has a flux of about ®¢/2,
with an accuracy of about +0.2%*® or less and the inductive coupling between the first

flux device and the second flux device is ferromagnetic.

48. The structure of claim 42, wherein the rf-SQUID coupler is monostable.
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coupling between a corresponding pair of flux devices
in said plurality of flux devices. 59. The structure

wobtoosloed4mo 41, wherein said first flux devi ce apdr/€apas/001987

second flux device are flux qubits. 60. A structure
conprising: a first flux device; a second flux device;
and a first coupler galvanically coupled to said first
flux device and said second flux device, wherein said
49f I8 %m&qy@bm%mam_ dé %&ﬁﬁtut?e jﬂfthldfri’ﬂblinblﬁ{siﬁg‘ﬁ nl?@eﬂ@ﬂ\gﬂt»ias
junctions; an al i.rs oupl.er_is. configure 0
soped qrdiguaf tq ene ﬁ’f\?&LHQlfﬁFl?%?f i GOS8 13 AIep PUmper
ofdeMice and second flux device that is ferromagnetic or
anti-ferromagnetic. 61. The structure of claim 60,
wherein said first flux device and said second fl ux
5008k GBucAS Bf GAMPN| WRoréln B AR QANGHUSHd Mg dodiog are bistable.
interrupted by three Josephson junctions. 62. The
structure of claim60, wherein said first coupler

51C AP kirs@Fe 8f SMPENICARGsEt i ng 1 oop interrupted by a
first Josephson junctio

n Eﬁ second JQ%F hsoqﬁ}qnction
and the rm et drgseenmpsses AR WL SUREFORIF SRR BIFAT 1 ux
inkhﬁﬁaiaﬁiﬁﬁﬁkﬁ@ﬂ&h@@kﬁdm&@dtune the flux through said
superconducting_loogW,GS. The Ftru ture %f claig1ﬁg,
whe s S§eQditix (P vies comprises d ARG PR OLHPYARRoRY e Patera
R BIREEb LS sREEDBSephddhGurlctisrst Josephson junction and
said second flux device is galvanically connected
across said second Josephson junction. 64. The

58U GliiGe OF clfilnad 1MyvBedein Wi Kk BQEHD couplket BranitSGUIDX bi as
I's configured to provide zero inductive coupling

coypletveen said first and said second flux device.65. The
structure of claim®62, wherein said external flux bias

is configured to tune the. in Lve coupling. between
57, 71 SRV of i eV heen St IO S e VI o
fromferromagnetic to anti-ferromagnetic and vice

ersa. 66. The structure of claim 60, wh [ id .
54 | P pirecdulp PEelagoTpPliere Suid dp-SROYD ipyeler SLiveed by g anignsts

field bias device and a current bias device.
55, The structure of claim 52, wherein said de-SQUID coupler is asymmetric.

56. The structure of claim 52, wherein said de-SQUID coupler is tuned by a magnetic

field bias device.

57. The structure of claim 41, further comprising:

a plurality of flux devices, the plurality of flux devices comprising said first
flux device and said second flux device; and

a plurality of SQUID couplers, wherein each SQUID coupler in the plurality
of SQUID couplers is configured to inductively couple a different pair of flux devices
in the plurality of flux devices, and wherein the plurality of SQUID couplers includes
said first SQUID coupler.
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athirdwire; a fourth wire; wherein there is a first
i ntersection between said first wwre and said second

worseerseecond i ntersecti on between said firSPCICA2005/001987

and said third wire; a third intersection between said
second wire and said fourth wire; and a fourth

i ntersection between said third wire and said fourth
wire, and wherein said first wire is interrupted by a
58] gephs R ¢fehih iSONviRteiReaoR BQUID nouphr th faidrdiralidyoé t hat
is _between sai.d first and secand.intersection; said
SQEIFPIRFSR cqndiemgd qume ) ‘”ge ffgglélﬁ%gﬁo’j ction at
fefroR@indtic ¢otplidichesedzn Adonéspndingahir oSflpedeneninsaidluralitgt
and third intersection; said third wire is interrupted
offfpx4eY8ephson junction at a point in the third wire
that is between said second and fourth intersection;

said fourt Lre is intet ted by a Josephsonjunction
s gt Shelfibay Puseh wid iRk iR of w3 ERARRR N
ddvive aft fARdubi@urt h i ntersection; and said second wire

and said third wire cross without form ng an

el ectrical contact. 67. The structure of claim 66,

soMAsh@EtOresBingrifihg:st i ntersection is in electrical
commupi cation with a first current bias; said second
i nt &GRS in el ectrical communication with a

secondcduedevidd; asi said third intersection is in
el ectrical .co nication with ird current. bi as;
o ASH bR o B coated o e Bt okl e et
1008 wiakdion Wi th a fourth current bias.68. The
structure of claim67, wherei.n said second and third
cur rsé’t#{rﬁ iooNplel egmprisefa ?lﬁﬁgfi' quosﬁﬁg% H’gﬂgogfy@p@ onduct i ng
cur rs@iﬂtfﬁrstfcb\s’p}ilerzd @ng@ﬁ&sﬂotpﬁ)vﬁd& adliirdaciivie @bupiling béteeen said
currents provi y, said first and.fourth current
R A R L T D

first and second flux devices is ferromagnetic.

61. The structure of claim 60, wherein said first flux device and said second flux
device each comprise a superconducting loop interrupted by three Josephson

junctions.

62. The structure of claim 60, wherein said first coupler comprises

a superconducting loop interrupted by a first Josephson junction, a second
Josephson junction and a third Josephson junction; and

an external flux bias that is configured to tune the flux through said

superconducting loop.
63. The structure of claim 62, wherein said first flux device is galvanically connected
across said first Josephson junction and said second flux device is galvanically

connected across said second Josephson junction.

64. The structure of claim 62, wherein said external flux bias is configured to provide

zero inductive coupling between said first and said second flux device.
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69. The structure of claim®68, wherein the magnitude
of the current provided by each of the first, second,

wo biocdeana fourth current bias is equal in nmagPCT/aden05/001987
70. The structure of claim67, wherein said third and
fourth current bias are tuned to provide
superconducting currents that are opposite in
direction to the currents provided by said first and

65S PG AEIIGE BFm 8, dheRB NS BIaN Bas B Chitizinee temnkpiht ng
between said first and second f| ux devi%%s IS

indetive douplingrbaigisen said firpnfluxyderics and faid speond FLlug Aeicn fgn

fe?(’(?ﬁe[ Lk tb Qi -FRGREAeHE af vitRrsgUr rent provi ded by each
of the first, second, third and fourth current bias is

equal in magnitude. 72. The structure of claim60,

661 ‘Fﬁé DGt VRIS 56) SheRinNatd Bltichipl@fcohbtises:devi ces, the
plurality of flux devices conprising said first flux
devipdest B8 sai d second flux device; and a plurality of

couplsgloia witgch coupl er gal vanically coupled to a
different pair of flux devices in the plurality of
fl urtjelWig®ss, the plurality of couplers including said

fir%ﬁmﬁ@Hﬂk@&mm¥§¢MJ@§ structure of claim72, wherein
each coupler in said plurali yfof coupl ers

conf i gur et igteectionhetyeen sait it iz 3 ‘gﬁﬁ‘ij’ﬁg?’?r@ or
anti - f er § QuBANRLlEcHHABRIWADsEiEaR: adeat tesipargi ng
82{, |r C g]; ) ]; li:hlilr)é h(ljtgr\s{elzc%gg belt\r;zeélasgi% sgclolﬁlg \?vlnie ta:a/d soal:d ffoxlnlfﬁ( wire; and
a fourth intersection between said third wire and said fourth wire, and
wherein
said first wire is interrupted by a Josephson junction at a point in said first
wire that is between said first and second intersection;
said second wire is interrupted by a Josephson junction at a point in the second
wire that is between said first and third intersection;
said third wire is interrupted by a Josephson junction at a point in the third
wire that is between said second and fourth intersection;
said fourth wire is interrupted by a Josephson junction at a point in the fourth
wire that is between said third and fourth intersection; and

said second wire and said third wire cross without forming an electrical

contact.

67. The structure of claim 66, wherein
said first intersection is in electrical communication with a first current bias;

said second intersection is in electrical communication with a second current

bias;

said third intersection is in electrical communication with a third current bias;
and

said fourth intersection is in electrical communication with a fourth current
bias.
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68. The structure of claim 67, wherein

said second and third current bias are each tuned to provide superconducting
currents that are opposite in direction to the currents provided by said first and fourth
current bias;

and wherein the inductive coupling between said first and second flux devices

is ferromagnetic.

69. The structure of claim 68, wherein the magnitude of the current provided by each

of the first, second, third and fourth current bias is equal in magnitude.

70. The structure of claim 67, wherein said third and fourth current bias are tuned to
provide superconducting currents that are opposite in direction to the currents
provided by said first and second current bias and wherein the inductive coupling

between said first and second flux devices is anti-ferromagnetic.

71. The structure of claim 69, wherein the magnitude of the current provided by each

of the first, second, third and fourth current bias is equal in magnitude.

72. The structure of claim 60, further comprising:

a plurality of flux devices, the plurality of flux devices comprising said first
flux device and said second flux device; and

a plurality of couplers, each coupler galvanically coupled to a different pair of
flux devices in the plurality of flux devices, the plurality of couplers including said

first coupler.
73, The structure of claim 72, wherein each couplet in said plurality of couplers is

configured to be tuned to provide ferromagnetic or anti-ferromagnetic coupling

between a corresponding pair of flux devices in said plurality of flux devices.
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