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AIST Scope of Al device technologies: ReRAM&[Z
ReRAM device and the operation
Oxide layer(s): i
High-resistive state :
r \ Forming
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RESET SET 2
~10ns ~10ns b
[}
. ©
Ojglf,ie '?_!@’.'(FF. : LRS
o 2 4 6 8 10
. . . Switching cycle
ReRAM is a non-volafile memory using
resistive changes in metal oxides; such as, IRS: initial resistance state
. HRS: high resistance state
Ta0,, HIO,, ZrO,, A1203’ Nl_o’ CU.OX, WO, LRS: low resistance state
FeO,, Co0,, MgO, MnO,, SiOs, TiO,, ZnO,
SrTi0g, (Pr, Ca)MnOy
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y s rn 213 — »
WWEE DB 95x5) T
D= > d(p,p)oskik
14 = e . PiEHpER
i 5 b B A B i
o e LR | MAXCUT
i ~'.--=-f ._-‘: ot ‘w- 2 : 10 if peR
sl 228 . .'.-:" .' ‘.-_.
%g 5 : :a ::'ﬁ.. n: = 10 12 14 16 Dzzdgzi(l_z.})
I#j
X 3.1.3

BEZW 2 BT D, ZIUITZ TAX Y T WS ERIZR DN, Hlzidnery Moz
100 fEH D& =5 < 100 fHO1E 51X, 100 KITDZER D 1 A TEREND, 100 KTDT —
B EBERSRN) QIRTTICRE LT-ONK 313D 7T 7T, LD RENER), 2 M
2T T, BT OBEZEFE T RITIUIN T2, 2oL, IS THENL H HRET,
2 OTNAY LRI TS, AIKIIZ2 2052 58, i & jRERETRED
FNEWVIDEITEIN B TTHT, 2ODHDOMDIEREZFHY . WAWARITEFA L2 5
Z Ot A R b T D Max Cut &9 7L 2 Y X AREEEZRHCIIEDbN TV 5D, ZHUEIIER
IR ARBIEN, BT T =0 27O~ R ) F<ENT, RIS @I fif T 5 X
7D & B A LRy MIFEEITKRE N,

L, Bk~ 0, /A AR SAH - T, o EFL @, X 3.1.4 Dk
DETH PN TWDEIOREFE Y b, Bl L7z X 9 i bRIE A2 D-Wave ~ 3 2 #HE 512
FREEZATELC, By NEORKAEOBIZZNIIE LEEICEDDILERH DN, 2
Dz, PIZIE1 7261V BIZEDBAERETLONBN—Ry =27 LTEHLL, 21
0=/ A X7 o>TLED, iz, BEAMICITHNFRE T U 2B THLERDH DN, E
BIZIZE S LTH 10mK ~ 20mK & W IHRENRHH DT, BYEEORENEL D, EHlT, 7
A R—=7 Lo T, I<IZHDIETE Y NOBIZITTFUNREZ S, 25 Ltax/r /A X%
EOXIGFHIL T, EH2RoTA—FT =T LT . HDEIWNEY 7 Fo =T & LTI BT,
B EREATHREEN T WS —F Ry MM b7 TH A,
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3g 2777/ O>— - #ME5E #SENsRlE (7 /L7 baZJ A ] —RAML=FICATRMRE—

EF7=—I2T DHEDIRIK

s JAXDOFEOFESER
INGA—EDEERE
BME
Cross talk

s BESN-EFEVIREE (FASBE &

10002 FEVHFTCORBEORR

B H:AH (Embedding)
ERNTEEORRICHK

« EF7=—UFITELBREE A
BEAB(TELNED

Twn)

\ \ N
U \ e Ve T
8 e e e W e S
i Tl I ] 1
L & A S REW LB
| AL =
& ;
W Y

/

Q.ih‘l"
=
bW
\
\

| 22
L

X 3.1.4

T, G2abnREERTERL, DWave vV U ICEBE LI L LTH, ToOXOHEE L.
TV DO TWAMEN LW R D, MEaLTWRVWETEY hEETEY RO
Mz, XofEE b, AP0 EICRD L, BEENICRBLITHZ LN TERVOT, embedding
(HDIAI) WO EFOMESE L THEBIICRBEL L 20T b0, EFREIRLRVnE I
H I ARADL LIRS TLE D,

BED D-Wave v 132,048 BFE Y hDOU AT AL LTIELNTEZR, TDHIbE L BIC
< DIX1L,000 BTy 2D UBZEREL VY, BEEETE Y MI 1M 1 ENIEF ICHE
AT, ZE 2,000 05 & WD DIFREGERENRTHY, E9LTHESITHWIIFEAT
LE9, ZHEOa L Ba—H LE-T, D-Wave v AT Y & CPUR—KIZAR> TV DT
W, ERANRMEZEEL ) LT ERERVATLARMEZ /> TLEW, AXFH -7 1,000
BEy M TRV R, 22T, INEILICHHEL X D E T 58 IR KETIHAE -
TW5, FRIZOWTITHBIERT 5,

S 62, D-Wave v > Tl AT THNATHH LS FRIT 20T TIERW, IEEICHEL BIF5 &
e LAIRTIROEDIZ 2 WL <, B /1572 > TR b MBEOfRENE < 72 2 BEIXR &
NTWno, LrL, REATHETH-ThH, ZOMENESHICKE 22, BREH2RMIELS H
L7 b1, RAMMERHD EVWD Z b, ESWVIHIFEEOMETHIIIEIISL DN, & T
T ==V T THEIRT DD, HDOVITEMIZRT D000 Z E bEmORRIT> T\ D,

D-Wave v ¥ > TH  fif 1T 212DV T, EEDENIT Google MR A IR EXEIToT2, &
AFEOER e EoE bR LT, l@Hoa s Ba—% F Ty Ial— T 5DI2H~T 10
D8F, ThbH 1 EMENEWMSIZTTIRL TS, ZIUIIEFITER AR BITZ0N, Kkl %
EVHED EVWD) ZENEFICEETHD, 29 LRk ARREOX A, EHMRREL
LT, 2O NERBRBBEICH S E I e V) Z &2 LaThiE b iau,
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IARPA QEO

* 100EFEYMEDFEERESETHES.

« RLOE—LUAERELDBIEEEFE YL

s XATTSTEBADEERS

« AHHEMERZERHENES

o XXFHEMEA (S#823a0 22T 0, HAESTE, BT 3al —2aun)
- BELGTF-—YSTORIILOHBAHRAH

o UTILEA LBIE

« FAYRTEAN=ZX LDOEHAH

- WEERRENRERL

X 3.1.5

& T, D-Wave Systems thix 7+ # D 247228, D-Wave v BN A A h—/LERT
W TWARETIH, TOREZART 777 20880 44D7-, TARPA (The Intelligence
Advanced Research Projects Activity) @ QEO (Quantum Enhanced Optimization) &9
SAERID T 1 7T N BRI TARAIZ 12> TAHED 9 AL AKIIZBLGT 5 (4 3.1.5),
HIEE T 2& 7By MUL 100 T, —AZ IR0V, Fik L7z D-Wave v & > Dz 5 [FiE
EETHEZLET, 202 —RUTRRT 5 L WO IEFICH LN T 77 A Thb, B
HETEy hOoat — LU ARHZBIEICHRTIH K bWELT5, &7ty MADRKES %,
R NEMEZBEEMNICRBETEL2LH9RBDOICT L, b, ZHUIFFEFICEHEELEDN, &
F7 ==V T DA =TT TERFDROANTEILEL, &7 — MR L BRmIcE
MR A HBLT 5, £z, BMUETEICOWTUIS AT I N TWDLN, /A XAOMR%E
WZEHI - 74— RNy 7 LT/ A RXZHIET 20 E NI A=A L%, "—Ru=T &L
THEAINOAIAT, ZOT R Y7 MOKEITHFEFICRERY Y =A% DTALTND,

TIE, BARIFE D THITRW A E WS BIWIZIX, 20 REX 20088 Ly, HATIE 1990
FROKDVE, BaxDETT7=—V 7 OEBEGREZERE L, T & I12IEF CRe SRR
. BEENBREETE Y PORAFRFZREIN, LrL, MEFOMICIZaIa=r—
TarPES BERELTHERET DI ENTERDPOTLLEWVWIRERH H, KENTZE N
FHIZ EFL IARPAIIAFHNAOE VAR A M, RPN ESX M AMEG I S hE, @&
PRROETT ==V IV U BE LW TN A U A7 72 FRRICE R 2GR A £ H
BELTWD, LEE->T, HRIFADPOKRELRILZ L 2> THHEELT, 250V IEH%
FTAUTMBEESHED LWV BUZHZK Y . Ul mno> THRE LR EWT e, KETIX
D-Wave v 2 L W) FEFIZREAIR DN A A b—b ST, T, LFETEHITHED
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ERY boE ADBEE ST, £ LI, AOEE MBI R PSS L EETIZZR NN L0 D DI,
KHADINE DA vt —VTh D,

(B ]

Q : BARIIT AL RGBT ANH D0, BH LR EOHEME S KW 5, EERY v —
REIPT TWAKENZHIIT A7, HHE ZOSEFICEATH Z EIXTE 20D,

A : D-Wave Systems D #tN, 72, D-Wave ~ 3 > Zffi > T\ % Google, NASA, USC, = v
F— N> —F NITHEGEME O EFEMZE D KENT, o134 OFMRLSEN LI 5 2
EERNTIC, =XV AT 4 T RGHASALTETCND, 1 OO LEMDDHENID
THARORESTHLHDD, LWl as b ThEWN) HTIEEFRI BTN )
CEDbND, E9THIZRWOEE LW, BUETER L WD O 1 DD T7E
TIE®HDHIEA D,

Q : BRBDOT AL ZIMEDONIEFIZH L, T ZMUOFIRI AR 2, 72& zxid=ae—
LY AR O WVE By N THEREEZFREICT 5 & 5 R BER O RITEN D Dy,

A :TARPAQEO DX —%7 v hdD 12l »>TWb, T b bEBEFT ==V INEF7F—
RUICHARTRSEMETE DL, &7 — MR Ta b — b o ZKMIZ L 56K
Mool Z LTk D,
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3.2

EFAE1—2ICHBITHERVETIERN
B B (REKXE)

BT ==V 73R RL, b 0D ThHLIETS— FIXOETFarEa—4IC
BILCRAT %, FERFEITT VX VO NREE AV Ea— X BV TIEFICEE 2 HINTH
HEHEYFTIEEIFICEL T TH D, 2014 FEHTZVICKRERT L—7 ZAL—>2038 0 | T,
TUHNVEA T 2= ORERBUZ I Tk 2 R RERHTE TN D

EFPIE, B P a—FDIXLEVITOVWTEHFE L., ol O ERE 2 B2 0 3T IERTH,
SOITVHNRITRERMES AL Ea— N5 %E I VI FAITEATHNZ S & LTNDHD)N
WZDWTHIT LTy,

BIAVEa—XDIICEVIT, WEFEEOVFy— R Ty A r~<rn TAREAE WD
DIFEFNFTTETCNDLIOENSL, BFNNFON—LTEIK 22— § A TIER VD
LESTIERZoNTTHLEBALNTWD, TD%, TA V4 v R FAvTF2l2kbD
BFEIEEG, =% — - Y a T CLDFEREGMET VT Y ZALNEF 3 82— F OF5ER
FICKREREBELE 217, EX 20T 4 AT L THDILTW S RSA W55 1355 KI5 il o [ 5
PEZFIH L CTWDE R, v a TIZK D RRE T VT X AR SMHUIFIHTE ., (EkOFh
BRI 0 AR 2 B o L Y a— X THE B O TH< Z L NATREICR D,
K321iChdLkoic, BEFarPa—ZTIFETFE Y b EFFIEN D AN HERESR L L
T‘MJHJ&wozo@ﬁﬁé% EDsET NFHRERGDOEREBE NS0, 20 55 7k
FHEE TR U CIERICTHVIEE 2R o, B, R0 G 0R S i E DS R L DA I
iof\@VNC%¥EVF®Eﬁ%ﬁﬁiﬁ%ﬂfbi5:kﬁﬁ%@&ﬁofwéo

EFAVE2—-5YR@3F7FrAT?
F354),2

BEFfrv b (2o0RBOELREDE) -
[v) = al0) + B|1) €=——p BFE

de—L>ZA $#d
q iﬂi %

BEEIRE CREIREE) (EEE,
BEANICZLDINGA—4

RIER
- itetc

_, relies on speculative technology, ..., and
probably will not work.(s. Lioyd Natwe 400 720 (1999))

L. A
Rolf Landauer @IBM

X 3.2.1

Flo, WEROTVANFETET VA NVEPERICR>THD Z EIiTx L, BT EHRO MR
TITE RSB RG22 E Ol &N FRICR > TWD, LR 2 5 & FREEE
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RN TRA—=EPZDE VIR H D, ZOZENBET L Ea—X DT TV Th DL
TIEHD DD, TNEEDLIITHIET DL VD Z & NEMHICIEFICE#H L WRETH
Do ZOXORBEF AV E2—FOREIIIH LT, IBMO7 zr—7Eolcuairr « 307y
7 —1%. [speculative technology, + - - probably will not work] &J@ZUZHLHIZ LTV 5
b LEANR Y Fr 7 ar e a— 2 BFET X, NP KL XN 2 IEFI2H# LV S D
“@%ﬁﬂif‘ﬁ%’@%ﬁ“? S ZENTEDLENW) ZLIFENL LIS ML TWD, B,
3221ZHH LT, HBIZV YR EDOELRAH & L&, MEEANZ X > THOEED
BN D LD »Hﬁi’%ﬁ%ﬁﬁ\ Z O/ (minimal surface problem) % NP 524
ThD, FFIV v ROETHBENFT TOLR, LYy R ETEarEa—F2ESR0,
Tebb, MENRITDHEND T L EBLENRT N, ZAEEL LW Z LIFHIMETH D,

sEFIAvEa—%E7rAas?
=355,

NP-hard problems can be solved efficiently
by “ideal” analog computer.

A Schinhage “On the power of random
access machines.” ICALP, 520 (1979).

minimal surface calculation by soap bubble
Museum of Science of Alcobendas (Madrid).

EFERDETIERS [Shor95]
“fight entanglement with entanglement”

[Preskill97]
WHZER)Y—ATEFIYE1—F oo
Eﬁ%)ﬁ‘ 5%5 el tﬁiﬁj;ﬁ% math.mit.edu/~shor/

3.2.2

ZDOE )RR O P TERESET LT X hmkoL ol-vaT7 N, BFarva—&ick
J% A XMEZFERT D700 HEE L TETFBRVITER WS b0aRmEk LT, fRE
LT, EBRICHEZHAS WD V=22 HETNEETF a2 Ea—F 2T NLTND,
DEY ., FRIHFET D/ A V=T, AelAEabEL L TRTaA VY Ea—2E2ED
EMARETH D Z BRI,

BB —ZICEALTEEs MAEITR Ch o), BREICEFa s Ea—F 2fE
A9 LN IAUL 20 FE < BV Z 5@ﬁok(.32$

ZOHEMBE LTI, FETELIHE LUK 1%, 77— MOREEE TIL 99% UL 2 BERRIIC
L TWENLThD, BFREDOLOZH D T LBEFICEH LW T, FE 99% & ¥
HZEIRIFEAEMBIGEVWVEE B 2 BT,

L2rL, 2014 2 UCSB D~ IV TF R AR HLD 7 )V—T 3 2 OFGE &R LT 2 & CRlm
ENREb oz, /LT % A= B single-qubit gate T 99.92%. two-qubit gate T 99.4 %,
measurement T 99%. & W) EA2 ERICRTZ EICKI Lz, Ly, BRSSO

CRDS-FY2016-WR-05 EMFRRFEEARAEMIREHE MRSt 2 —
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F/70/00— MBFEF

mERAElE [F/ Ly O

J A —RAML=FICAT e RMRE—

qublt %Iﬁ’\ %0) 58D qubit D EDREY &

572220 qubit \Z% L CH [ UK &2 K LT

EFHRDEL

FEEFhGh T,

[ultra high fidelity] a
single-qubit gate: 99.92%
two-qubit gate: 99.4%
measurement: 99%

BFAVE 21— E5ERKI[TES S WS HENIF204E

BT SHME

UCSB J. Martinis’s group:
Barends et al., Nature 508, 500 (2014)

- DREAT 14

~%(FBE9

9%)

I B DFER T _XEE)RO—> & LTI,

XX T T LD BEERMERSAE )Y 2003 H2H <K o

7= surface codes & FFITALD 2R IED qubit DT L A INHIERL S VDT 734 A T 2006 4F12 7
L RV 7 B03MEZ L7z topological quantum computation ZEHET 5 WH L ONRH 5,

K& 72 7 V— T D TEBRFE O TN B A3,

X 3.2.4 TlX Google & ~/LF 3 AT=H DAL,

IBM O NVN—TDRHE., TAT R NeA L TADITN—TOREEHEN LTS,

=810 .J1

Solwng a wonderful problem

e e - e oty

UCSB(Martinis)+Google:
Kelly et al., Nature 519, 66 (2015)
Barends &t al., Nature 508, 500 (2014)

“Technology in hand lo seale up fo ~100qubits, soon™
J. Martinis, QuantumSummil Callech, 2078.

IBM:

Chow et al., Nat. Comm.
54015 (2015)

Farity checher (7 basi)  ‘Datagubat .
Panty checker (X baxa)
Kitaev’s surface code [Kitaev ‘03]
Fault-tolerant topological QC [Raussendort et al.,

DR 14

Dot University
LCSB (rel. 9)

Delft(QuTech)+Intel:

Riste et al., Nat. Comm. € 6983 (2015)

'06)

3.2.4
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By LERMIC, MATED Lot nH L Google E~/ILFRALDY
W=, BT ==V 7D L qubit BUSERIMIC 72 F 72D Wk Tk d 5 23,
9qubit % 1 IRICANCIET, KB B FHREICHBIT 272 VT IEOEIELZ FEIT L, 99 X—k
NL R DREEE R L TV D

TIE, B Ea—XTHEWVRFRICERLTDH2ONENI &, ZORDITFTZ VT LERNE
WTZRDTEDN T SAFRS LTV D, #Rx Z2BEFD CMOS I Z21ER L7720 . #E B vk
BEEETE Y ERRB LY, bo bl LIEWBLREZBEE T 570 L, MR 7 m Mk IL[E
Fo TRV TH D, BANEMTE 2 AEMEIZH2ICH O TIERVNEK LT TN D,

ZDOEHIRPT, IMEANESHBYLELEZ TWSLT L —7 ZL—E LT, 2RITTDALY
AT RU AT LHMBIR, BEET A A CEBKIRCTHET 2720017 he=7 20D
BN MBI /2D DTV, 512, 9qubit TOETFENTE D LI -724, 20D
9I/L A DI L VST RZEDNT A —Z PN BEIT/2 Y BEICEBRMICER L TWVET A
A A MR T I 2L —2a 3252 LI HITORAREREIRICAY S>OH 5720, £
o ZFHIT 2 72D O H LW BRI N LEIZ R 5 DO TIE W EEZ X TN,

CTHBREWGEZ I LIz, a v Ea— 2P A2 205 T, I<TAT7 7y
~ @ﬁﬁﬁ%f: & o> T INP] ®° INP#P] &I FEZEZMHWD A, 2013 4F D Qstart &
I 2B mORBIIBIT LAV T X AD —27 OHF T TECH # MNP &\ 95 @ % FEH
Lic] EE-oTW5D, TNENDOHEELM I T12# < &, ECH=experimentally crazy
hard] 'MNP=maximum nature publication] Tbh ¥V, Ef+ I Ea2— X %2/E5H 2 &IiX
experimentally crazy hard T %723, £ D Z & LEH TMNP=Maximum Nature Publication |
WITER LW E WIS B TH D, T72b5, BIEYALTFRATE T I 2 —F OFZEER%
DYEFRE ES>TWDH T2 [Nature] (272K SADRLEH L TWAEDR, ZNBIEE A E AR
LUMRILIZZ2 ) | Nature X° Science (2R L7232 L CTWAIRY . T T I v 7 307 7
VT 4 V7 T, experimentally crazy hard Z T 2 DIFHE LWV OTIERW0, £DO XD 72
WEFE % M9~ 28T LW 25 2 720 WD T 220D TIEZR WA & 2013 Y RFD < /L F 1
ANE 2 TWEDTIERND,

T 2013 FEDZDOBW N T v 7o — RSB ITRALER, TREREFa L Ea—40
WFFEER T D FERALITIT 10 R0 20 =D X A DA — VOB MLETH 5720, /\°7“U T—
¥ a VZEDR B RVRGIT IR D DITFEV O TIE R W & E ABITEL U TV 223, Hal TIRIRI
#*%Lfbéo?&b%\%ME%%\%ﬁ&777?4y7%5kﬂmﬁﬁkﬁ%?ﬁ
YV o — X OWFEHR B SR SR T ARRRIZ R o TV D, BlZIX, v/ 7Y 7 MIED
HEE L TWED, LI > THBNCA A 2 7 7 o F 4 P& LB TW5, IBM b & %
LTEY TA7 FIRKRIFA TR L TH 5o TlQuTech| & WHHLEZIZAL L TV 5,
QuTech I X EICWFIAY /2 EBRZ LTV D23, QuSoft LW H & ZANY 7 Mo =T OIFSERI% %
LTW5b, SHICHETIE, 7Y 33 NVIDIA, FEBERED I L CTHFZERRR 2 D T 5,
HbH Ak, TIEERILIZE 912, Google (F~/VF X ASLD I N—T%HR—KLTW5H,

FEARIEAD GREOT CHin b L 212 B D D-Wave L, D-Wave ]I DY 7 b U =
THRREETDHDAZ T+ —FEOXF ¥ —ThbH QCWare LI LD L H 5, T H 1QBit
EWOIAFTHFEDY T NI =T DAZ— T v T O F v —EVRABRYEDL B2, =
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=AUV AT AREN D ERIICHEIZ R DA — b A= a U HNOBERE R R R &
PR=FFTHRXTFr—RNHTETND

RN —FEN=Z L LTE, A ::—/T/j(%flﬁ{r\%@é%%% LTWAyola7btsFRiL
EWVWIHIFERNBENR, FIH0H A= HTT B Quantum Circuits, Inc. &V 95 X F v —2th %
TEDBERIC A o TV D, F2, BEESLD Ed o 72 Rigetti & W9 A = — /L RFZED OB D A
DEM LT VANVEFALE2a— 2B LEXC Ty =050, ARy X uhn
SBEELNLVOTEZLTHEHoTWNHEVNI T LRV =255, 20X, T LD
maximum nature publication Z#% L 72 < TH, LK TITBEZED DL Z LN TX DRI
2o TNDDTIERNNERLE TN D,

ARZOFHTELETNWAZ L ELTE, 204 FES WML A[ENED> TE T,
k2 e RE NS AL TE TS, ZOMHFIZROIAL 72 545 LR OO TRV, 5%
ICIROMAA THBWEE L TW5, SIS T, B bERLELEELEAAL A MY —ARR
ioTW@W%ET%ék%\%@6?%%ﬁﬁﬁﬁﬂf%é®fi&%#o

BEOEFEDELT, AL IR EFTI V2 —FEHEETNLSFHODFRY FTIERTO
FAENHL LR ZH N TETEBY, Google, ¥~ 71 Y7 K~ IBM £V 72 IT ODEANTZHK
RV YV =RERIEZHBDTND, EHIZ, REFEOXNCF v —=RZIRHE L TH D Lo
IEFITHRFI RN KL A £ AL TTE ERY S0b D,

HLHhAM, TRDHERLRNEWNTRNI 17 SAH DN, REICELABLIE A - T
WD Z LR, EDXIIC2IALEERT D EDTDITIFME L~V bRk 2 2 &
DLENZ 72 D720, BHAROEWEREMNIEHA TEX 5D TIERWDN & & 13T LR B GG & 4%
HITDHMENDHD EFE L TND,

IHICH ) —DHERILLLT, RIFVAMERTH D, 20 FZICITE I E2—FIT
MEWRS TETWVWDLEEIN, ZOLIXICEFALVEa— X 2R34T 4 72D, BT L
THEHERICEZRSTZAMENIDEBFTCTEBMLERH D, TOTDITITESDORFELR
ANHETTENRNE AARITHRITAE L TWITF RO TIE WD,

AXVATE, /70X LT /0o —%7—ANTHEEREOEAIZ 200 U A UK
VREXETDHIENRHINTODEN, A XY AT TIER WELEERE THRICELN -
T TN DT EBCHEN) ZENRAEBETETEHEEIC > T 2O TRV
LEZTND,

[ERE5E]

Q:MRVETEDT R T ANTELLEIIET AL Ea— 2 RARYITRofc LK CT2), K
99% L L EFER T HX—RA L MIED X IR b DD,

C: ULV AR FIF O ETidZenh, BRI ZOBFIEETTab— L U ARHTY Iy
FERTNDEESTHNNHDOT, B — LY ARREEND DD, T DOFIKE %
XD T, EFAEAMESHETEZEVWSI ZZI5FSHVDOEA N —=RNHo72BNF T
EORGEEIZEE LT & W D BRRDY B D D TIXZR O,

Q: HRD LU EDORREIR DD,

C: EREVNTFRAOITN—TWEMR LIEEETEEL TS AW,

Q: xR ZATTZ 7T A TN EINTWT, Rzdbknnz U —RLTWbE W)
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In Pursuit of Qubits, Uniting Subatomic
Particles by the Billions

By JOHN MARKOFF

I a step toward a generation of ultrafast computers, physicists have used bursts of radio
waves to briefly ereate 10 billlon quantum-entangled pairs of subatomie particles in silicon.
The research offers a glimpse of a future computing world in which individual atomic nuclei
store and retrieve data and single electrons shuttle it back and forth,

T a paper published this week in the journal Nature, a team led by the physicists John Moron
of Oxford University and Kolei Itoh of Keio University describes an experiment in which they
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Coherent Control: Electron Spin Qubit — Rabi Oscillations

J.J. Pla et al., Nature 489, 541 (2012)
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Single *'P Electron Spin Qubit in **Si

{ Natural Silicon, 5% ®Si

P-atom Implanted
Electron Spin Qubit

Pla et al, Nature (2012)
Rabi oscillations
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Electron Spin Rabi Oscillations -

#Si-enriched Qubit

4 5 6
Pulse length (us)
A. Morello, A. Dzurak, Univ, New South Wales
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