\He [oRlC Co0E

L,Ml’ hwe we ouu how he kilaeo model ca. be

ny B on exohe ﬂ«w-dﬂﬂ)’

QXw_Vé) O‘A‘a‘jo,\ajbaed, lw(']

L hoo bedy bl,@, o}~ bulk  eccldon o, of hme  reversul

lo éfolun/ fece oe aloo ‘/B"pol-/:‘ul e?a §lles |






ERMION  QPS

= Oy (k)
! f @ fdafi) - a, k) af(k)) - @f (k)adk) % )



° OMJ ?oﬁlhue e'\enﬂ G)scdmﬁanb :

¢ 03¢ E,F ‘%,?l"‘\-

MASom\Nl\‘S



TYEeS o\' QKC'( |‘a\rwm

] Fe\"rvu'o n3

o EO\SQ etk (lonken TR.)

ay /,



SPeEULF L

HENT

0.6}

0.2f

S/in2, W

0.0

0.0

0.8
0.6
0.4)
0.2}

0.8¢
0.6¢

, &

Z

Sz

0.4

0.2}

0.0

é gss,, ==HB==88=G- )
: 4 M : ;;-&-n“ &
(e) a=1.0 g
g SN2 W
[=8 —e— - .
L=10 ﬁ ol
L=:12 _?‘5’ u“'..g,,n“'_nt N
(i) a=1.0
"""""""""" éb"""“'é;z"""‘G’“’“?""f-'nmnnuﬁ';s;;;;‘:f‘"""'
L=6 —— &-—- * ®a
L=8 = = “e
[=10 —— -
[=12 "ean,)
4



L
L \
v _ [ _ <
EV < Kee = Ke Ky Fackor o T 25 4
6 Ke
W= {up, S - 2<e ey
LVorl‘Q7< order ISING GRDER.

Nasu, Udayana & Motome, PRB 91, 115122 (2015)

Ppo ?Q(h es o\' g? P ed 'P‘AOUSC s

Co ) \)




] ﬂ(bm\el 6 wvorkey ﬁ u..j S -1

° ﬂeld(ho;\a\ |ﬂﬁ'¢3\n\f " aned -“ﬁr’\ M extrome

| N\
'w'.lr 3,{'] =0 ,u\aif}' mops o e "Tor CoOE

o m> |7 T7 e_'—(»\ecth

e ks
wy:= iy |7

. Lie on bonds m" o

new luﬂf .




° Dotr'\CS ?Q[h,\v\o“ n {heoﬁ on h~Q_
Wweak links | ar,hi\j Jeolmnh‘olij ool o /\’A\v
( *
kexaﬂor\. HQ;}\ - VG, NG, LGV '\LK))

X ¥ 2 v
V= O—J Gj( or on G'K
Ny T f £
a’a" ! A 4KQ J' 6_\16” ’L,T ,.:" \ ’
’ - \ 5 S - ’ . i 8
T 1 tt—2 I | -2
Th a1 % ¢ v O
N \\“ T/, | ,'lG’G’ 571 | ; \‘,r
S z # 1
0 bke e i o
G'mes @ " :-kg) )
% Heh_ = Const - 3 Q’P
T * 2 6K, ¢
6L &4 123
9
b~ 0'3 (v o o
Q{R\j QP P‘ o P3 PC'
—J
u
”?lﬁ.o‘.ul.\" {erms %p
“S\'or Jce-rmc“ A S




W — Unu

U= Z ko2 75
hoptamtd  verhieal
"T(/ce 62 (y)
XJ = R:{— ()) - e’
.0y ()7e W ox()

-

Y






HT = - 3QZA5 —SMZ?\
i P

E(_EC/;’YLL( Mﬂfﬁ\g p—
. = ¥ ToRLlC
’ —).—[ ’ Cone
ot ,
Sk
(FLe spws)
¢« As & R's al
Conmute + cacd otwer >ch>
(gugag 2€no op. TwWo €EOGE) y
{J A
°
°
o Vo
ochces  correspond o losps
P DQP LJP= '_]—T S)-
Wi o~ odd # os' spin {'lips )€
N Wp =~  UoRTEX,
s sV = sy % '
- -1 ¢
SJ z % 1 L
M

Mt/\.rvuu. eney > B? \\\,7 = l\l,v

EQolu‘. res )’l‘ul-Q‘S' l/lhll }\_1_9 VORTULES



= |47 - Z cs |s7

fs-. Wel(s)=1 VP\_;

—Eli 00/\.(1(“';0/\ ﬁslw7= l,%? imPlnes Ne

shebe 5 unalfedred 193 ;fl‘ppm3 Spis o one slar.

'@ C_5 e.%uﬁ\ f“, ol\ co,\‘—rj“mko,o' UCE no \Iof\'zCQS'.

ToPoLosepat  6.S

C >
‘/\)e(b')': TTSJ | e=€.‘ez
Laree

Jet
o MeEs -

Pbsence ot vorces means fhe Vel(s) are fne - +
Tame ‘]'0/‘ ol Pa\’lﬂs Q\ & ol Qall.s Q'L . UL(S) T l

lICOMOMo\033 alase o\’
l\_\' 7 = Z C'Uel U, l$> Uotkey free Setes A
A, e operaber does
wk alted U (5).

D- (4)°




E xcoATON S | S
e
sl

/_—e Creoles o elednl Volee ol s k7

(1 \
Elecknc Cl«om]es ‘

(E)
e+ T
(L, 8,]=0
c € €.
We By =~ Au W WA, 7R

Ne
! q/:,sz> h \"-)Q \\'\/0>
Coslrs enery- A Zze. |n d&?w\d&]/ 9\* ’Q?am)(:v\,

CMARLES ARE  'DECOV RED |



Y™ S = We %y AE= 27,

Pu P

' R
‘f\ ‘Hae. HJOI\'Q3(»M\O model ) hese exchions are dlao.nem
LTS
Keky

beawse  On = e = ‘6?4: .



)

AgeLan fntons @ Braowe,ourerseEdow & fusion .

—

h\.e OU\YOI\‘S' O‘f ‘h«Q ":rli, c,oole are @.Camp\e,‘f

ot " Rbelian " Gf\aor\@. \/\)l'lQr\ Le  bruid ‘t\«em)

« \
Mmouve

h«l bml\d\rz} ‘)mdbyse_s Cpmww\l‘a, \/Je_ can



he e L w w»aamf )9(3 6\&9(3 o_#t’.nduij

{’LQ 5‘“‘&3 xenlwn  pperuters %

E 2
lh) e t - CSTT; FST—ije = ‘—TT ‘3}

j&( \jee’

w o 511\:‘\3 ,1_ -—\’[O_%z _ 5 bk

lovp

MWU:J ON € growmd a~ M a{e\h .




‘b&\

O -

[cop

O

/

‘deuce +| , likewse

Similwb ‘"uk‘\o} e's oowd €5

Hweuu

50 hneJ are bosons + hemselves .

it mls )

(3

whickh

: C\QWOA

the  gol

€

Caled on

8 E Fev(Ml'.on,



§u%&' SELECTIoN

C\uss o\: sates thar con be Wlormecl o

one -another LJ local opefu!nons, e.g the current

operato©  can %\0‘& o ?oﬂhm\)f elechon e o P\.oh:x-



LU=l WWIVe - - - 7 ) J ’

. W
Fusno.o\ Ru\ei: Heu i)or\rides (or “ su(;we,\ew,\ sedars

gwa {3 Bduer .

Fbr fe fonc oede

exe = mrm = Exg =1

ex M= 8, ex & = ml mxé&=e.
~ ==
lpenmecaton oF TARnues
THe  HoneyeoMB |ATTICE . /




= 8 5‘4?21‘56‘&&\10‘/\/ sechor

I‘\ \irmd 3%'>7 3"3

3 )
c t (c.) ~ 2(32\
€ . 'L\'J‘“,J
Q,g‘ S I 23¢Hl‘t?eH J E(e'm) _ L"zeﬁ- « \j%l

‘Fﬂﬂ5€ N

A MAGNENC Few.

—_E\ r\v\are %, ﬂ,\e aq‘;leﬂ’ semll\w\f Freuen\' tL,Q

I « N



Vorhces kNM \DQ(AS movea adiﬁ‘oa'ﬂ'ca\tjl 20 wua A

\w\ao.r have el dghned gaushcs .

C/ C \ &-&*]N L
=N
&—: ° A Q LeadS T o knd o“ Rk
(-
o

interadwon  bduiin vorlices

w 5 o(\' orde/ Q(‘K”L ) L
{'Lplx oscllobes ot vovevadors

d’@? '2,93( ' _K.u} f«odum 0 oA univesa\ ‘)Lume

- V- OP = Vv lorme.
A¢~ L V&loub pﬁ' Q) ) ?S QJ\& a/ﬂ
. o uvell dehned sllislics

Eu’r‘ Boeen hme  reversul 531&«&'3 Con nhute

(o} ql) u\ \\Q FE'W\(ON GYwYUlM




T-cev (?oor Wan's E'C-")

v Cr Qal‘es ‘kJo a&ducenlz vorlices |

C \ Bl ~ v \ = O - (L"L;w* L7L ¢ L%loj)cj
S

—

Es N Fuwps

G2 6\( gx

z V Vv
ﬂ\&_——a}l +% *ﬂ\
o Vo VO

2
k jlk,Q
£ memeh:) eol...we@ :
% a
° k )
4 °
& /\?09 NE
yook %
¢
(o g G'e% o ky Sy {Qmu‘ot\ term



a1 X 2 Y
~ ‘lgkj'cj' Lec( bkck

. X  x (i x, & Y 1
~ + \2CJ' LJ be (l)( t)e b;/ Ce) be IOK,CK

wuje Pe wew

Next NeAesT NE(GHBOR

. A 0 . Hopeivg !
= (D Geba)ojen ~ -icjc

Her = 2 Ai"cic"

K~ hehy b
a-?.
A . A
Hep * Z % A (4) ¥ ‘A (0 ifty

keder i) (9
Nq n
L e

N o~ Ry oqR LR

=N Ny @---------- >': ------- o N"Ny A("\): L 2K (e +€ t€

° //" N O -h.c )
I n, s n - 4K (s\ﬁﬁ-ﬁ.)“"*@""ﬂ N "gﬂ'(ﬁ"a‘)l)

AN ataf) oo hehahe COP



45 U s / . - s

B

b J?’k‘g«f‘f At

\\/I . cfd) ~ *
3
%\\\ —EQ aqffzd sred‘NM hes a
CLern Aumbver.

\on ero

*
A Y Y ve L \de B, = *1
. L n '
Bk: (vk"AkL
= Eo\ge modes.

vedae = (# rabhlf movess - # le‘fl' MWU'S) =M

Quw\hted Tkemat Kol  Effect

Ee,c.d\ hotr n  YNe T1AuE , the Prese«ce o\'

eol«y. subes led o o ctmhzed Hall conductunce -



E, o7
Nou under ralher Dmefal condhhors

"LK =L0‘;b set )
T ab ’

vhere K o he Hhemel conluchyi leasor Sg for he

y ( L cureenk
H M«jomm\ eeh]e, sleke  Cornes /7_ he heo

o an elechun eo\jz slle

/
key =1 Tlke ) Vi
AR PuRe THERMAL KAWL \\T’ /
EFrecr. ”N



% B (T) b

4 6 8 10 12 T T 0.9
' ' ' . ' b — 18k 1
Conventional paramagnet B 0.8
Spin liquid (Kitaev paramagnet) - L < / 1 0.7
Half-integer ¢ 3K g
Tn quantized plateau EW;B 4 : | e —~
o T \ i i / Jos%s
=3 = i &
~ == g // {04 =
1 =
: 410.3
10.2
B 0.1
- ) - S N T
gx 8 1\ 0 5 10 15
: Bj/ (T) Topological phase Magnetic field, p H (T)
transition point
Cc
=60°
T | 49K i
"g 1.0 ° @ . £ )
& [ '.w - -- . 1/2 ;
s 08 % X
2 e &
= {{ &
ol -0 =
= J —
-0.5
75 8. 9.0

&"E‘-i, €w6‘=6"

Qﬂae»\r nou l'w-ve, “DM - AGELAN

I( asolaa el al.

NW(Q 559
L17- Ul (fLolﬂ)

crx s = |+ &

b"q.ol«"\s rules .



!(\THEV Sein  Liauns

ln o014 ) Geefne Jackeli & C)ir\quP Kinatiutin

fﬁr""‘d haol' ‘f idiuna aloms ;&ide od-u\aedru tould deudoP

kn\‘aeu - like va\j M"dewo;!f U'"' h‘e& M‘S\‘bws' S“MM‘VS)

hne. kil'ueo koneau.mb model Los no lonsv [N “‘03“ | o mn‘j,\v

be recdized 1n  sohd shete a‘.,wﬂzm MoRria\s |



~ o R, Tr
‘?ofosecl m%sle.us : Spul oroit  covpled truson  melels (33 ) )

n an Octohedrud eavitonmens

I &4
Ru 4d s

/ ej

\\%—é tla

OI\Q holg .

sp\f\ orett SP\-H

Te# ) 3,1 ﬂ& \’13 orbd=ls
EE,, 7 e o lou # ha‘a\a
Y AE = 2% |
‘(’n. Hote E 1 "% Spen T -sate .



|
02 p;

| fesr = +1/2>

| Foeff = +1/2>

HW\M Covplagy \oven e eneozm o’— a Wl

l‘of 0" hwo fwulld G‘fm’mduﬂ on Iﬂ"\‘j\ 0-[)'0\3

f&fmd\‘m\or e plaat_Gneed ‘o,i e Qdag

ard e Ir atsmo

Od'ukedm. con be laid down
o plae b form a honeaumb

shudure




-T;te {:kru a8l boriay  edae-shora ockuhedr.  deline
RN TR N

ﬂ\ru orh\UoM\ rlw\esl D'ul-n3 f“:e 1; h& Hm,e, Jiredu,\;

fe he oy b Trbertagsr uglings ore uesk,

L.,Ir hee are  addinonsl He(smk:, X. ercmr inkerachong )

_ 1.7 ) o B & ol . - D
H“Z{ 1<5l S)- " (S. S) +S‘ SJ ) BS.-.SJ,
i

-
')

Y Honss d-d [d-p J-d
ele cvon bauns Per \Wo\or\fclt'tc\‘w;x

(k>3

A’3Lilr20g (A'= H, Cu, Ag)

A

L {x,ﬁj

)—x‘:~\) ;F)

—a, PO
o)

o—a~ \
)7

B-LiolrO3 Honeycomb Hyperhoneycomb



Materials | Crystal Tmag anisotro | pefr (us) bew (K) Magnetic | Ref.
structure py ground
(Space state
group)
NazlrOs; 2D (C2/im) |15K 2c> yan | 1.81(ab) |-176 (0) |zigzag 40,57,66,
1.94(c) |-40 (&) o
a-Li2lrO; | 2D (C2/m) |15 K zab> yc | 1.50 (ab) | +5 (Oap), Spiral 44.65.70
1.58 (c) |-250 (&)
HsLilr2Os | 2D (C2/m) |- yab> g | 1.60 -105 Spin-liquid |
Cu2lrOs 2D (C2/c) |2.7K Not 1.93(1) -110 AF order or | 42
known Spin-glass
CusLilroOs 2D (C2/c) [15K Not 21(1) -145 AF order |*°
known
AgsLilr,Os | 2D (R-3m*)|~12 K | Not 1.77 AF order |“®
known
aRuCls 2D (C2/m 7K yab> yo | 2.33 (ab), | +39.6(6), | Zigzag 516468,
or P3412,or | and/or, 2.71(c) |-216.4 (6. 69, 131
R-3); 14 K
T and See text
sample
dependent
S-LiolrOs | 3D (Fddd) |38 K > yre>|1.87(a) |[-90.2 (6) |Spiral 52,7192
Xa 1.80 (b) | +12.9 (6)
1.97 (c) |+21.6 (6)
y-Li2lrO3 3D (Cccm) |39.5K | > 4> |~1.6 +40 Spiral 53,72
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Figure 7. Signature of fractional excitations in «-RuCls. a, Inelastic neutron scattering in
single-crystal a-RuCl; measured at temperatures of T =5 K (top) and 10 K (bottom)”. The data
is integrated over a small reciprocal space volume centered at the I' point of the two-
dimensional lattice. The letters designate the contributions from the elastic line “E”, spin-waves
“S”, and continuum scattering “C”. b, Inelastic neutron scattering is measured at T = 2 K (top) in
zero external magnetic field and (bottom) in a field of 8 T in the honeycomb plane, large enough
to suppress the magnetic order®®. The color bar denotes the relative intensity. ¢, THz
spectroscopy measurements in a-RuCl;'"® in the presence of a magnetic field applied in the
honeycomb plane, with the THz field parallel to the applied field direction. All measurements
were carried out at T = 2.4 K. The arrows indicate locations of excitations inferred from the data.
d, Detail of Raman measurements in a-RuCl; at T =5 K'7. The blue shaded area represents
the magnetic continuum scattering. (Panel a reproduced with permission from Ref. 75, panel b
reproduced with permission from Ref. 90, panel ¢ reproduced with mission from Ref. 113, and
panel d reproduced with permission from Ref. 107).



