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Kagome-lattice quantum gas microscope for study of quantum spin liquids
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In a triangular lattice, which is the basic structure of a Kagome lattice,
we succeeded for the first time in the world in observing ultracold atoms at the single-site and
single-atom level. By loading a quantum gas (a Bose-Einstein condensate) into the triangular optical

lattice, we have successfully observed the quantum phase transition from a superfluid to a Mott
insulator. In this measurement, we demonstrated that the momentum distribution is accessible by a
quantum gas microscope by performing time-of-flight measurements in a trap. Furthermore, we
implemented a Floquet control that inverts the sign of the tunneling between lattice sites by
modulating the phase of the optical lattice. The negative tunneling works as an antiferromagnetic
coupling, and therefore we can now study frustrated quantum spin systems.



B X C—19. F—19—1, Z—19 (@)

1. WFEBAESI O 5

BED A9 A RN RORBEMAR BAER M TV D (RIS H D A B U RO TIC AL & mox
WX —INNE T2 D) I EEZD, ZOFE, ZAR00 I AKF DK D IR 7 7 X b
L—ya v EATOHRAEEICBO L, 2 TOBY A ALV ERFATICT DAY UElE %
WD ZENTET, BKBEFOREBIIHIEND, 20X 77T AL — M LEABEVRIZE
WL, BREREED NN X v @ TITEN D 2 & DR WIRIERPE S N E A U, 57 7 eRe ik
WE OB ~EORND Z ERWIFEIN TV D,

LU RG, 77 AN — hETFAEVROFILITNL Db OEREER S BT 0> TN 5,
F9, HERAORFREICBWTCIAG SRIE L W ) RERBENTFE L, TOIHBNIRERTH D,
Z LT, EBRIFRICBNTYH, B TOEACKM, BHERMHAEERNER LZR2WETA-TL S
72 MBI R S Tl B2, BT A UKD X 9 BRERRF 2Rl e & IR EE
X, PERDMIE FIE CITESEANCBIT 2 Z L8 Ly, Z OB EZRYEIZ D H1EE L
T, HIEHICEN - B2 ERR 2V TERMICTIA ML — FETAE LV ROBREED D,
BV Ialb—va YnNEILND, AL, BT OBMGIRRE AN TE Y I 2 b—
A VEITVD, 77 AN — FNETAE LV ROYBEEZMITEX 200, LWV 0N AZ — |
L7,

2. WED B

AT DOBAL BT, A TR OBKIER L W EBRAREZHNT, 77 A ML — FRETAY
VHERODETF VI alb—varEEIL, BTAY VKR EOFF R EIRESCRKRMOE B
GHEHOMNMIL TN ZETHD, TDEHIZIE, EIZ OOERNRHEE Y U 79 5480
5, T, —DBIIT7TAPV—FETAEUVRPHEBETEINTHDH, ZHUITEHL T, =4
Nk OMIKIBR T2 HND LT, 77A ML — M HHAE LV ROBEFVYIaL—va
NI TIZEBINTND, INEETAERITIEET 572D, T OEME RO
Z1MEEEEETOR L, FRLVEERY LR HEHTEIT L, b9 —o0iREIT. &
F A IR E OB R BETIREZ R L TV 20 DOHIEFELA R TX 50, Thb, =
O OMBEITE XSS S WO HINEEET L2 LIcLVRRTES B2 NS,

T RIRBEISEE &1, T ORISR LT BT - BB LUV TORE - JIIE
ERAREICT 2HMTHD, ZnzHWD Z & TOEBERTOY > 7Tk L CHIERE R < HlE
T&5D, o, VAT 2O =% R RS ZE L AETH Y . KV {KIRDH
TN EHERFTE D, BFHBEZEENICHET S Z L TE, B ALY UK EORIIC H %
WAL DO L HIFF SV D . AIFTE 2 bh O 7= B Tl E T RARBEMEL N EHL SN TV D DB D
R E L THEETH D EFE IOV TORTH T, TOT-ORMETEELER2DDIE, 77
A NL—3a ORI TED, ZAKRTOD A AKETO L D REMFHNT T A N L—v
3 VRO T RIS LTI OB FRABEMEEAEET L2 L TH D,

3. WEDTIE

FT AR TFICBO TR TRABEMSELZEZR L, TANDLET A ERIENREND &
SNHHAAEA LV AT LEILRT 282 L oTc, £o, 7T AP L— PRV ROER
(ZIXPOBREIERE B DS EE L T2 D73, T & F2HET 2 720 DRBREAN b [FRFICHTE L Ty o7z,

(1) ZAKTICxT 5 & RIS O

B RARBEMSEE 2 AW -BIICIE, ST O 0 O E B EH CCD 7 A TI1I2L 0K
M3 52 & CRTOMEET 5, 86 E HTBIIOEHEL TR 2IMEA S ot O 710 D B
WTLEI=D, JFFDORNE CIAD EBHEINNKE L 725, %E 1064nm @ 3 KD Y% 120 FED
MAECEND Z L TN T 2T 5, £, THUCEERFTHIZH KT (REE,
SRIE R T L FES) BT 5 2 & T, ZAXE T ERRFICHWD Z & TR LT 3 koch
WA LA Z BT 5, AN L TiX, A& TH O T~ A RV RRAIZHWS Z
Lz L7,

(2) =MANHET OAAEOHIE - Z2E(L

7 I AT RO I1X, AR FITHR L, 2O 2FOHED L —YF—REERTANL, =
G T- O 25D EM TR DANIRDE T RE2ED T & TEBLITE 5, AMFZETIX K E DS 532nm
L 1064nm D —OD L —W—HEHND Z L THI AN A EWRTHZ L E2FE Lz, IR
BT IRIZBWT, 250 L—F —KONIHEEDLEDL Z ENEELRD, & AN, KT
T 2 E—LIE, TORAS T 4 VT DORENRDTDN T 7 A N—% B L THRFOEL £T
BIINDN, 7 7 A N—Z @il T HERIAHED TN ICHIMES T LE D, B— MIEIZ X
STMHFELTAREL, TEARFETICT A — NNy 7T 52 L TIONMMBED X2
HZ EEFELE,



(3) BORREMERS & DFEEE « k& FONAEFNC L D b v U o 7 ORF 5 s

FORBEMERE B B T ERFIEL L UL 20O FEREZOND, —2HIE, 7= v an
NI LRI D H R A O T R F R AR ORF 5 2 s ST 5 HIETH 5, AHFZETIE
NED T LBT R F a2 AR, VED T A-BJRFICEZ DI LTI WU AFEDT = v
anNy N EIBEHWSZ ENTE S, b —DOHEX, K TOMBELEMRTHZ & T, 1T
DIFH P2 T O G ERESELbDTH D, T bDOFIET AT FHEEZ L E
DU L-8TRF N DAL SELLENRN D, HIRIIE S IZEIETE D, KRS, AHOLHRIC
B LTI ERED (2) ZAEETOMAHOHIE - ZEL, ([ZBW TEEEFR T ~DE FIC LR
EMADHZ L TERIND,

4. WFITER

(1) ZATCOE—F8H

WA DA DHINAZF 2G5 T20I121E, RO UIAD EIREINEE L 225, =Mk
FHRT D E—L20¥%%2 FMET/NES LTHARICT S Z & T, =M TFolmice
— AFIRICH KT DV AT LOIEE AT Z L, EREE LIF A LN TE D, I
IZED, 100~A 7 a7 VEVEREDHSICRWRT Uy VEKT 5 Z LN TE T, A%
B+ & EHAT D FEOM CIAD 2586 5 72 DI EICRE 2 =, WmEISN =R AEM % 8
EXETITEA LI E A, TEBEEOKFIIHOMAT 2 ERbool, ZOFEETIE, #HA
A= T DT F—=HANB TN TNDIEFICASTZFHFNIERIT T -TLEY, ZnLEH
WET D720, SRR T O F NS ABL 2 FIIN UK - 2 S~ A 7 v B O 3L 53 5 %
THL, 74 —HA LK TOLFERWIRTONEIREEZE 2D 2L 2T, b & ONERE
RBROFFEOFRTIT, ZORICHEETIHL—F—E2WETL5 2L TUATANSIY RS, Zh
WZED, T — D ATHEFORFOHREERT Z LTI LT,

WIEE DO EANZILZ T ~ A R
RGHEZ RN, ZOBAFIETIEIT v &
BO-OOE—LRT vV BBIZL - TED
STENEBIREER RS 720D R o B 7 HO
E—ANRELERD, BaADT< YA RN
v R EZE AW 8 EE TIEAE 6 o
—LEMHT D, TNENDE— O
LW A BT AILERD DD, Bk
% ZBREICERTH Z ENNEEE 72 b, £
2T, MR (A X)) & vz B E
bz T o7, N7 A=F 11 (T~ B
BOvr— A TIIHREEENEREL 25720
R H O e — A0 EHITEE LRk b
BRUNZ) 2wt LT, 13 BERE ERal b A AT 5
ZLETHRULWT A — DFHENRT
f:oszfa:ct 0. éﬁi%ﬁ%m%%&%%?i L SRR T ORI R,

BH—Jf o« KLUV TEIT 22 L
HHRCHDTRRFI L= (X 1),

HBJFNoDENET T T 7 A INERTND LT, A A= T OLRRE (58554 Bk D
fEANE) 73 679nm T D Z LD -o T, ZIUT =AM OIS 709nm & FIFLE CTH D D
THY GO T OO OENEDFHDITHBETE TWRWI ST, RN TREWN
S EEB R T IC LN E WO A WD = & T, SR D240 & ks R 1T &
T ERTE R, mERIEIZ 500 X UMRETITOL, EOMIZRFBBIOBATICEE#H L TLE )
FREMEN B D, RE] 2281 C OO ZHR Y . E OO0 OIEW ) D Z DR % 7 L
Tre TORER, A A=V T DT 4T VT 4IHIEBNEDTHDLZ ENyNoT-, T~
A R RBHOFE R REICEIY 74T VT 4 2R ESERZENTEHEEZTND,

(2) kT DA D22 EAL

WA FE—LDRA T 47 22T a7 7 A VDORENDT=DIET 7 A S—% DD,
T 7 A NR—F AT DRI ) A AR Mo TLED, T 7 A=%D E T HIK L,
T 7 A N—= AHEIONE B — MUEZITH 2 & T A AOFERE2EH T, Thae T8 5HE
TN T A= RN I T HVAT AL LTz, ZHICKONFERY 7 h2IM2 52 LIS L
Yl

— 5T, FEOFEBRIZEBWTIE, WELEIT ) S T ORIRE & | dA A= T HIT HBED
WAREEDK 3 Hidk72 5, ZHUE—o2DERICBWTE— MEBOMRENRKIBICEDLS Z L2 &
kL TEY, ZOLIBRRMTTIIFA T I Lo POMBETT 4 — Ry 7 R% 95 £<BfE
SHDLZENTERNoT, B = MEBONEROFENFLHZ B L, MELELE T Z &
TR TDHZENTEDHEEZLND, L L, AFEHIFNICIZER T, ZUIE5%OH
BEb,



(3) DEIR 150 & TR A R
H—RBRO7-D121E, @DEOx L v X & ek OJFEF OUr < AZEE T 5 M)
HY ., L= —mHICNE R E—ADRET 78 AL DOMNENEE LV, 2T B8,
— P H LT RAE 2 IO NITHE L, i o Ao I kT 5 &9 Z & &21T
STz, LILeRG, ZOWERIZEVFETrAREL, R, ZOHBROZEFEHEIN H E 0
N, BTREEART D2 ENTERNE WD ENAE LTz, & 2 Tk tk O R 7503
2 THRBGBHEIRINATZ D L )RR &2 L, BRI, BEFEON T v T —A
BE/NELS LD, BSOS L o XM S E— LB E KT N T v IR EHT-ITBM L
T AL TCRFEEEGL L, ZRAHICBWNCEE L AR -REEs KEx<<T52 L
TR LTz, ZNBIZE 0, BTEE DN SRE LR TEBOR—R T A o XAk
MElEZ BT 5 2 LITRRP LT,

(4) BB v MEEARR OB OB _

R R e T A o 2 A R T =8 BN > bR
WA L, BRI Ty — o (B
DYE—7) ZfERT 5 & T, B ~DBAT
REEEZR < FFDR TS = & 2R LT, il
BT — BT BB, RTORT
SR MINBIER L. B IR St BB
h RIS - % CHIE AT D (7
FTRERIAER) . RO IR LT, o

AR RS WB L IR
e m e e v T2 3 LTS TS
ﬁf\ﬁ%@$(1>fﬁﬁbt$eﬁ%ﬁ§
EHWAGE, A A=V T DT 4 —0 A 1 9 - B ED o, W0k - 73
Al IR RIS 57, S it ol s ORI, L
R SEONLAS L EMREE TR TR TR 2 — o (R A
[FHIEMTER, LT, MARMEONR ez SR 7 oo v LS T 5
TV NADHEOD MBI TDO T Y L LR e D | TS 2 — AN
TN TORATHRPEZ T T, ZHICEY ., 4 2 ’

Sk h DB RE & S 2 BT °
W — ERET S - RS L (2
),

ST DORT T MBS A L TR AF— PR R Y) L0
HEAEAT R LY — (BTN TORTRIMEER) 2AkX <20, BRERIE» DT v FEEk
RRE~D R TFAIEE AL = 5, E v MEGIRIETIL, K5 F COETHES XA Z b, (k=
Bl U 2T DT, Ty — L Ok : LTHERT 5o L i Cx 5 (M2 4).
A F- DR v S v MESZ T FIT5 & THAY — LV BEIET 52 vk, THAZ— O
HERPMEARZICL DO TIERWE & bR LT,

BRI 2 T2 R 5 o 7T ORATHRERIIE LSS, D EIER -0 F IR 5
B S OMEIC AN TS = & h Rt = L INTE T, A%, Jebs T IR D245 4 12 5t
TABHE L AbES LT, KB LR H BTSN EDERE | X L. T ORI 5 =
LRI SRS,

(5) RBEEMERS & D% 7 v il L %

NV S/ pY S =85 (a) BTHE IRV TOREE - FEEHIE
SO A ABEICERT L L (7 Y

B TR R R LD RE SR §yﬁ&ﬂ\¢ﬂyﬁ&ﬂ%¢7

BREEZHZLNTED (83 (), —K

D= AT OB . TRICEHET S = b R

TRORU L 7EMETED B3 O). & o o
NEFAET B 720 SR TR B 3 A T
DL —F— OO EZ T 5

A7 LH BT LT, ekl T kA 2500 L7

BRAECIRT 2 BOLBI L. PRI 2508 C &
WBHTEERRLE (3 (), —ofiie

D D L CRBBIERANEIE TS, 75 o i
Al b LR A E R AT Bl o NP L R e
NEE ST




3 3 0 2

Florian Schaefer, Takeshi Fukuhara, Seiji Sugawa, Yosuke Takasu, Yoshiro Takahashi 2

Tools for quantum simulation with ultracold atoms in optical lattices 2020

Nature Reviews Physics 411-425
DOI

10.1038/s42254-020-0195-3

Ryuta Yamamoto, Hideki Ozawa, David C. Nak, lIppei Nakamura, Takeshi Fukuhara 22

Single-site-resolved imaging of ultracold atoms in a triangular optical lattice 2020

New Journal of Physics -
DOI

10.1088/1367-2630/abcdc8

Daisuke Yamamoto Takeshi Fukuhara Ippei Danshita 3

Frustrated quantum magnetism with Bose gases in triangular optical lattices at negative 2020

absolute temperatures

Communications Physics

DOl
10.1038/s42005-020-0323-5

12 3 7

Takeshi Fukuhara

Single-site-resolved imaging of ultracold atoms in a triangular lattice

Workshop on Quantum Information Science with Cold Atoms

2021




Quantum Simulation using Quantum Gas Microscope

2021

2021

2021

2021

2021

Hideki Ozawa Ryuta Yamamoto Takeshi Fukuahra

Single-Atom-Resolved Imaging in a Triangular Optical Lattice

51th Annual Meeting of the APS Division of Atomic, Molecular and Optical Physics (DAMOP 2020)

2020




2020

2020

Takeshi Fukuhara

Towards quantum simulation of frustrated systems with ultracold atoms

The 5th Conference on Condensed Matter Physics (CCMP2019)

2019

Daisuke Yamamoto Takeshi Fukuhara Ippei Danshita

Simulating frustrated quantum magnetism using negative-temperature Bose gases in triangular optical lattices

The Fourth Kyoto-Beijing-Tokyo Workshop on Ultracold Atomic Gases

2019

Hideki Ozawa David C. Nak Ryuta Yamamoto Takeshi Fukuhara

Raman-Sideband Cooling in an Optical Triangular Lattice

The Fourth Kyoto-Beijing-Tokyo Workshop on Ultracold Atomic Gases

2019




Daisuke Yamamoto Takeshi Fukuhara Ippei Danshita

Synthetic Frustrated Quantum Systems with Bose Gases in a Triangular Lattice at Negative Absolute Temperatures

International Conference on Strongly Correlated Electron Systems 2019 (SCES2019)

2019

Daisuke Yamamoto Takeshi Fukuhara Ippei Danshita

Theoretical Modeling of Cold-Atom Simulations for Frustrated Quantum Magnetism

IAS Workshop on Quantum Simulation of Novel Phenomena with Ultracold Atoms

2019

David C. Nak, B, Hideki Ozawa, Ryuta Yamamoto, Takeshi Fukuhara

Raman-Sideband Cooling in a Triangular Optical Lattice

2019

2019

https://qmbd.riken.jp/jp/







