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A study of molecular electron spin _ensemble systems suitable for quantum spin
memories coupled with superconducting flux qubit circuits
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Hybridization between molecular spin ensemble qubits and superconducting flux
qubit circuits has been targeted by using ground-state triplet organic molecules with large
fine-structure constants. We have found that one of the stable triplet diradicals in the ground state has
a large D value (-0.0655 cm-1), the largest among the ground-state triplet (S = 1) nitroxide-based
diradicals documented so far.

The magnetically diluted single crystals were obtained by cocrystallization of a mixture of the diradical
and diamagnetic host molecule which molecular structure corresponds to that of the diradical with
replacement of NO groups by CO groups. The fine-structure (D) tensors of the diradical and its analog in
the single crystals were determined by single-crystal ESR spectrosopy. We have solved a technical issue
on flattening the surface of the small single crystals, which ensures good physical contact between the
spin crystal and the circuit.



B X C—19, F—19. Z2—19 (GtH)

1. WFZEBIE Y DY =
19 8 0FERWEEN S —H DO WHLFE D
TRFa LV Ea—ZDOAREMEIC SO W Tk
MW7 SN TELNEBMESLTEHMEOER T
< OBRFEFITITEIKIZ b oo b
MATHELNT WL, &AM 1994 4|75
A& 7030 X AThbHERED MR
DEFTNLIY XLNT a3 TITL-> THSE
ENDERMIET—E L, YaToTaY
ARF, BFavEa—2E N5 L ZREK
Ak & AT DM EIT ) LT % I R CiF
T ENTARIZR D VDWW S P RIBEICIREA
SN, RSABSNEEOND TREMENH T &
T EMBHEMICIEE ESND L O,
2 OB L OERBIFENE Y
2 — X OFEBIZIET CTHFZEZ BRIE LT,

BfbEy haHbEZELHIHRLE LT,
YA, bT v TA Ay BIRERE, 1D
RENEERRE, A, & Ky hOET
AV IR EPREINTWD, Bxld, A%
NFAE U ERFEYFELTHEBVWTE
Farta—HEREATIHHEEZIT-TE
7o BIRTHLEER=bbaFT KT IHNLT
»5 TEMPO R v NEETFEYy e L
THHALTWS, 20O TEMPO %27 L
=y h22% U A —TH AT HFIE A
YERSR 7 Uil 7y fikitic kv &
KL, WIVAESRIEBIZLY 2B F AL V&
+ty FHICHIENO T #— FMEEZHID
T3 3l L 7= (S.Nakazawa et al. Angew.
Chem. Int. Ed 2012, 51,9860), &t v
FEHEDLDESLIEFYI L R T MZIEENT
FUCERT - BEiid 5, ThENOETE Y
NOEFEENLEFIE/M O N 7Y v R
ANFITEH STV, filxiE, & EE
W OB WV ERRE T E Y N &R
FEWVGLIBREREZ L 2X A YELV RNV
LU —DEBTAEVETE Y NEORES
ROMTENRHE STV D,

TR O ST N T= e d v
% & L TIEERI R & 22 i © 4k (D
i) #b ORE-HHA= X RYT VD
L (8=1, D~2.0 GHz) e ENTW5D,
ZDOH R E 2 Mg S ER A2 EHT 5
BEns, Fx IBEERRBEFE Yy b2
By FETF ALY RTE Y b7y T
EDONAT Y y FRIZEH LI, AST%
fEH AU » NIy FRXEE s ARICE D 1D
AU ETIECE 2812 H B,

2. WHEOEH

RN RBREREREE Ty T v
TILVERETAEVETE Y b OS2
H =X LEMAT 5, EORDITBEERET
By N REASEARERAMREFALE
BTEy FREWER (S & L THEE
T 5, BEESE Y bAEET S 20 mK
TEEHHREMNO—FTOREBIZETAY
VESIRESE A0 (Wb b EFIEHRO
HIHE) TR DIEORE K=

BE=had Y YT UM NVESFRE -6
5, BHIREE T Y VT AN B D D
THMER A HT-OICHEEREBRT S, &
TR OMAEER %2/ X< 325 72D IERME
KA NS FICHERIE-HEREZBKRT D,
HIREE T o Y LD BALFHRE AT, A
VA UHAEER (SS) LAYV -HLE
WHAELEH (SO) OMMkEET Y v ~D%
HEZHONZT S, BEETEY MR
HWEFAEVETE Y NORAER L KR
TkDb, SSESODHFEEDE L DI
EHLORMETAYVETE Y b E@BRE
BBy NOREEREZBNIL, ZOENR
ENBREEG A=A L& fRAT 5,

3. WO HIE

BIZEMKEFE Yy PEOANAT Y v FR
EREET D702, iREIE E D7 5~ <
RKEQEEZHEH= xRV TV
oyt - AT S, bl IV
EBEHO ISP EMEDTFX Ny T EE
L YT L ORI A BB fb & B K
T 5, HEHQ/N FCWE SRIEICEY ¥
STUHNLDAL U NIV R=T X F A —
Z (gTv I, DFUI, ATV YL)
ZRE LEIREZ R T 5, BRI A
LbHWTHEBERRKETE Y b EAKET
A UESEy b (BRPAIRESS) &0
EETHERDD, WS OhD= % R
VIVINELBLWAEZ LI THAD
AH = A NEfRHT 5,

DT v Y Vi FmMEE DO T\ D
o - HRE A ERICHW DS, JEFRIRELR &
T FROBKEMEERRN KES/ERAL
A ARFIREDNEL DD T, VIV
ERERMICHRLU-EESEZERT 2729
2, FEWMEDO R A Ny T2 EGKT 5, W72
RARMFFELTUI, VIV DNLVDONOESE
CORICEZH X 7=, BHO LI L7010
VITUHNERYIALZ EDRWEETOW
ZETH D> TN D,

4. WFRERRE:

RE"FEH=_|ln=1l=haxT KI73T%h
NOHFTHRLDEORERS TN
(D=-0.0655 cm-1) & IR X 72 D% &
DVZTHN2 (| D]=0.025 cm-1) % %Efi
LTz, BT LB L ADT Y Y LOFHE
HAC AV UHABERATE T TR AE
A EERA L EE L TITWERME & k<
—HTHMEEST-, BT ATV —& L THRE
XHABAEDICTat — L RAER (A -
A B AR IZEWVWKLERSHDLOT, 7
=L U RAOREBRFRNO—>THDH Y
TN ORI EAER 2/ &< T
DT DI D R A N4y O LS
WREEDZ Lailkii, W@WYRARA N1k
LT, VIV HANLDONORKEZCORITHE XH#H
ZTeEO LB EDTFNY T Vv E R
DVIATZ EMNWEFETOMZETHLH-> T



N NN
Obs. © © Y OT
N ') N [ ]

‘Bu/ \OT ‘Bu/ \OT

Sim.

T T T T T T
310 320 330 340 350 360
Magnetic field/ mT

L YT VAN2DFRADOATZ—ESR
227 kb, T=100K, v=9.446756 GHz.

DDTHDHIN, VT TVHIN2 DB L
7o N3 DERRICEKEI LTz, 451 31
UITUHNT, 2EFHNSEHEELEOBTRK
kAl L A, IRITLEHOREE CARERE
A BRT 22 STk Lz, A NEERS
HTCHIITIHNT, 20HIREEER (D
i) ZFE57=Hic, HREERET Vo550
72X HE—DE SR AT hVEBI LT,
K1z TN 2DNRTF—FE SR AN
J M DOFEESI 2L — g AT |
NErT, AT ML alb— g DRt
B ERTYI VA0 20 DfEIX0.0182 cm™!
Thote, 1 OHIE 2 FAFE L DEIX 0.0618
cmt e 0.068em1 THoT-, RNU KX —/RHF—
VOESRARYZ ML Ialb—3 3
LELNTZAE NI =T RN T A —
A HAWTHIEIE SR ALY ~LOfEHT
BiTotr, I UAALIFERTICa T
~ =% 2 FEFAAFAE L, b fh ORI D DR
M3V A NFEET D EEER6
DAY "MIVOAEEALNBIN DD, T

AR MY I al—a itk FEHET
B ENTEDT VI NERETHIEN
T&Te, TV NORAIZEIVELND R
BN S FREEICHTADT YLD
Tl EZRET D ENTE T, VTUH
N2Far7r~—Z1fHETHAN, [
BEDIEMTIZ X W DT v VLB L OV FHEds
WX B FEEh S ARE LTz, oAy
TV TN ERBAEERE Y b e
CEA KM T 1T B 5 A R s m] R
EHALEMSEIVNEND D, HBsE R
DB DR OZEMBYIED V138 p mFRFE 7
DT, MmO LY L O=FEEHS T EHEE
SH B T2 DITHE MR E O AL &2 W X
DRI 7oz, AMERIZLANZOTRE
MBEL LN T 7% 21 umBA T OYHEAR
\CRREh LTz, BUfE. & OfE L2 - Tlfni
WRESE Y & OmiEaERLETH T
H5,

5. ERRERLE
(BFFEAREEE . WFSE 003 M ONHLEERFZE 12
ERN )

CesERmSC) (R 4 1)

O Park, D.K.; Feng, G.; Rahimi, R.; Labruyere,
S.; Shibata, T.; Nakazawa, S.; Sato, K
Takui, T.; Laflamme, R.; Baugh, “Hyperfine
spin qubits in irradiated malonic acid:
heat-bath algorithmic cooling” J.Quantum
Inf. Processing, 2015, 14, 2435-2461, DOI:
10.1007/s11128-015-0985-1, &

@ Yamamoto, S; Nakazawa, S; Sugisaki, K;
Sato, K; Toyota, K; Shiomi, D; Takui, T
“Adiabatic quantum computing with spin
qubits hosted by molecules” Phys. Chem.
Chem. Phys. 2015, 17, 2742-2749, DOI:
10.1039/c4cp04744c, HHiH

@ Ayabe, K.; Sato, K.; Nakazawa, S.; Nishida,
S.; Sugisaki, K.; Ise, T.; Morita, Y.; Toyota,
K.; Shiomi, D.; Kitagawa, M.; Suzuki, S,
Okada, K.; Takui, T. “Pulsed electron spin
nutation spectroscopy for weakly
exchange-coupled  multi-spin  molecular
systems with nuclear hyperfine couplings: A
general approach to bi- and tri-radicals and
determination of their spin dipolar and
exchange interactions”, Mol. Phys. 2013, 111,
2767-2787, DOI: 10.1080/
00268976.2013.811304, # 7t

@ Atumi, H.; Nakazawa S.; Dohno, C.; Sato,
K.; Takui, T.; Nakatani, K. ”Ligand-induced
electron spin-assembly on a DNA tile”,
Chem. Comm. 2013, 49, 6370-6372. DOI:
10.1039/c3cc41801d, AT

(Fa¥E) G114k

© HEEEE S KH. LA E. Hosseini,
SHEAE . HRKE | e, ALt
{&. Quantum operations by use of molecular


http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Yamamoto,%20S
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Nakazawa,%20S
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=X19WteQl61Z62f31Ef3&field=AU&value=Sugisaki,%20K&ut=16252146&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Sato,%20K
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Toyota,%20K
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Shiomi,%20D
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=X19WteQl61Z62f31Ef3&field=AU&value=Takui,%20T

spin qubits, Potassium Hydrogen Maleate
Radical with strong forbidden transitions,
The 9™ Russian-Japanese International
Workshop on Open Shell Compounds and
Molecular Spin Devices, 2015 4 11 H 9
H., Tl - gk

FHyEEETE,. EB. Hosseini, B-HMME . HER
Kl . FEpEffE . LA2EYE. Quantum
operations by use of molecular spin qubits
with strong forbidden transition, The 3
Awaji International Workshop on Electron
Spin Science & Technology: Biological and
Materials Science Oriented Application .
20154 6 ] 15 H | SmffE i - gRER T
R EEE, IREET . AZIEATE, SEA
T MERKEE | g, Bz, b
FFEEL BHREAL SARE— /N IER
W HAER., TALRIA. A single-crystal
ESR/ENDOR study of highly compact
nitroxide-based diradicals in the triplet
ground state as quantum spin memory
devices for quantum computers, The 48™
Annual International meeting of the ESR
Spectroscopy Group of the Royal Society of
Chemistry, 2015 4= 4 H 2 H , Southampton,
UK

HREEE, WIREET . AZIEATE, SEA
T MR | e, Bz, b
FEEEL BHRFAL SAARE— /N IR
] VG, LAZEkiA. Determination of the
fine-structure tensors and spin relaxation
phenomena for iminonitroxide-nitroxide
diradicals in magnetically diluted single
crystal as studied by CW-/pulse-ESR, The
Joint Conference of APES2014, IES and
SEST2014, 2014 4F 11 H 14 A, HE IR -
23]

H{REEE, IREET . AZIEATE, SEA
T MERKEE | eRERfE. Bz, b
FFEEL BHRFAL SARE— /N IER
fi] ARG . TAZEYE . A cw-/pulse-esr study
for iminonitroxide-nitroxide diradicals in
magnetically diluted single crystals, The 8t
Japanese-Russian International Workshop on
Electron Spin Science & Technology:
Biological and Materials Science Oriented
Application, 2014 4 9 A 29 H. Kazan,
Russia

H{REEE, IREET . AZIEATEL SEA
T MR | epERfE. Bz, b
FFEEL BHRFAL SAARE— /N IER
i HAEYR, LAZEA. Molecular structure
and double quantum transitions of a
ground-state triplet iminonitroxide-nitroxide
diradical in magnetically diluted single
crystal as studied by CW-ESR/pulsed ESR
spectroscopy . The 14th International
Conference on Molecule-based Magnets,
2014 47 A 7 H. Saint Petersburg, Russia

@ HIREEA, RS ZRSEE], SmA

©)

(3]
Shigeaki

B MERKEE | g, BRIz, b
FFEEL BHFFAL SAARE— /N IR
] AR, IAZEA. Determination of the
fine-structure tensors and spin relaxation
phenomena for iminonitroxide-nitroxide
diradicals in magnetically diluted single
crystal as studied by CW-/pulse-ESR, The
2" Awaji International Workshop on
Electron Spin Science & Technology:
Biological and Materials Science Oriented
Application, 2014 45 6 A 16 H, LI -
o3 il

R EEE, IREET . AIEATE, SEA
T MERKEE | e, Bz, b
FEEEL BHPFAL SARE— /N IER
] H RS, TAZEYE. A ground-state triplet
iminonitroxide-nitroxide diradical in
magnetically diluted single crystal as studied
by CW-ESR/pulse ESR spectroscopy. The
47" Annual International meeting of the ESR
Spectroscopy Group of the Royal Society of
Chemistry, 2014 4% 4 51 8 H . Dundee, UK
R EEE, IREET . AZIEATE, SEA
T MR | e, Bz, b
FEEEL BHRFAL SARE— /N IER
] AR, TAZEkiE. Molecular structures
and double quantum transitions of a
ground-state triplet iminonitroxide-nitroxide
diradical as studied by CW-ESR/pulsed ESR
spectroscopy . The 7% Japanese-Russian
International Workshop on Electron Spin
Science & Technology: Biological and
Materials Science Oriented Application,
2013 4F 11 H 20 H, Jel -
ThREEE, IREET . AIEATE, SEA
T MR | g, BRZET,
HFEE, BHFFAL SAARE— /N IER
W B &R, LAZR R, A study of
Fine-Structure Tensors and Double Quantum
Transitions of Stable Nitroxide-Substituted
Iminonitroxide Diradicals in Magnetically
Diluted Single Crystals. The 1% Awaji
International Workshop on Electron Spin
Science & Technology: Biological and
Materials Science Oriented Application .
20134 6 H 17 H | SmfER - gRERTH
ThREEE, IREET . AIEATE, SEA
B, HWROKE | EERE, WOEEE. B
HERFNL gAE— . /NEIER, [ AR,
TAZEYE. ESR double quantum transitions
revisited: a ground-state triplet nitroxide
diradical with sizable ZFS as studied by
single-crystal CW/Pulsed ESR spectroscopy.
The 46" Annual International meeting of the
ESR Spectroscopy Group of the Royal
Society of Chemistry, 2013 4-4 A 10 A,
Warwick, UK

Gt 140

Nakazawa, Shinsuke Nishida,




Kazunobu Sato, Kazuo Toyota, Daisuke Shiomi,
Yasushi Morita, Kenji Sugisaki, Elham Hosseini,
Koji Maruyama, Satoru Yamamoto, Masahiro
Kitagawa and Takeji Takui

“Molecular  spin  qubits:  Molecular
optimization of synthetic spin qubits,
molecular spin AQC and ensemble spin
manipulation technology”, in Principles and
Methods of Quantum Information Technologies
(Chapter X), Eds. Yoshihisa Yamamoto and
Koichi Semba, Springer-Verlag, (2015).

(£ Dfth)
R B_R— U
http://www. gqcqis. sci. osaka—cu. ac. jp/ na
kazawa/

6. AFFERERR

(D) WFgEfFs

hi®  HEPE (NAKAZAWA, Shigeaki)
KIRISER: « KRB B 5eE -
FHTHEREZ

s TS« 70342821

Q@) W srias

TAHr 515 (TAKUI, Takeji)
KIRNERT: « KRB B eE -
BT %

7eE &S 10117955



