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o —2RHHZ% (First Order Phase Transition):
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o ELEHH A (continuous phase transition),

WiE (ECPIAHLL ERIRE)  DXAITE SR B AH
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o JELEAEAR HFR MG FL 5 (Critical Point)
o RBFINH AR HEFTRAIIE FAR A 115 521 54 (Critical Phenomena)
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Ising model (42 41)

5 Bk (TUEER A L, DITHEIETT S& )
H = _JZSiSj —BZsk; s = =+1
(i) k
THMRET = (51,52, -+, sw).
BHEFEM(T) = 3, s«

o J > 0, %f(ferromagnetic)

o J < 0, ¥k (antiferromagnetic)
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o WMRINHAE, IR AT Bom, WP ZSRmiGE N E,
o 1 1
m = N<M> = NZM(F)P(F)
r

S(Tj"ff%_“/l\r = (.91, s ,SN), %Eﬁuﬁ——ﬁ\rl = (_517 Tty _SN),
2
M) =-M(T"), p(T)=p(I’)

IXFR B R (Z)).

o TEIRSIZERIR T
o FHARTRIR T iXFRIFRME, SXFR AR BRVER) B A MBSk (spontaneous
symmetry breaking)
o XML HAmME R, ¥ NFFS & (order parameter) -
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(s(Ns(0)) = ()2~ 12, FBRZ-m=(s(r) = 5\ BRFZSE
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o ZEE—NARGNTE =¢/b, AE L
> DREY = b, FAr ~ €7V (B Ly, = 1/v)
> NLTEN = hb, BEh ~ €70
XNRGH BHEF RS TIHRAS BHEF R HIRRET AR
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o ER—NARGMTE =¢/b, A
> AMLIBEY = b, RNt ~ 5_1/” (ﬁEXy, =1/v)
> NLTEN = hb, BEh ~ €70
XNRGH BHEF RS TIHRAS BHEF R HIRRET AR
H?
o A LLEEMEA R RGNE N1 /b, BT A

Js(t,h) = b= (10", hb™)

1 ﬁ%ﬁ%ﬁﬁ{%?ﬁgml = mb’
> at T, (m(0)m(r)) ~ ==
s (! () (7)) ~ b2 (m(0Vm(r)), EITFHLE, Hdy = r/b
> 2yn=d—2+n
> mhbntp—d — mh, Ffrl/)yh = (d +2- 77)/2
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> St = —1,
m(t, 0) — (,t)(d*)’h)/)’t
BB =(d—yu)/y=v(d—2+n)/2
o R, FLEK
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o B HEER, BRI T b
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o &' =¢/b, M HRBKET
55K, BRI 22 58 P AN
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o TEABH TP 2 He,
HI u;‘k"ﬂhy Yis Yu

= b W = hb" i = ub |
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o — T FF B ELEL € « |0]77,0 =T — T.(Big — go)

o SEWIBEEMA FIE: A(T, L — 00) o |§]F oc £V
o 7. WIRSIRHAT ], HAFFE — L A(Te, L) oc L™K/

o G ST A(T, L) = L="/vg(L)€) = L~"/"f(6L'")

Bl LR
e L=128 i
X(T,L — 00) x 677 10°F — L=16,32,64

data collapse(ZUIE L)

X(T, L)L~ = f(5LY/")

2D Ising model v = 7/4,v =1 10°F
T, =2/In(1 +v/2) ~2.2692
WMERIXEEAFNE , BUAT ME N #AL G Y 20 25 3.0 35
7;3;& T/




G IR RSTIRE
o — T FF B ELEL € « |0]77,0 =T — T.(Big — go)

o SEWIBEEMA FIE: A(T, L — 00) o |§]F oc £V
o 7. WIRSIRHAT ], HAFFE — L A(Te, L) oc L™K/

o G ST A(T, L) = L="/vg(L)€) = L~"/"f(6L'")

BN R
0.05
X(T,L — o0) x 67 004l

data collapse(ZUIE L) -
2
X(T, L)L~ = f(5LM") =
2D Ising model v = 7/4,v =1

T, =2/In(1 +v/2) ~2.2692
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PREEIE

o AT LEES
fi(8, hyu, 1/L) = L™, (617", hL?" ,ul | 1)

FRE B IE (corrections to scaling) due to (RG theory); u; 5= JEFRIHH(

irrelevant fields)
o WIMWERFE £, X h I =I5

O’ (t,hyu, 1/L) [ O, (tL L ul 1)
oh? - (OhL)?

x(Te,0,L) = = L7 x(0,0,ul’, 1)

b X (Te RRRBIELTFL Y, 5y = 2y — d)/y,
b x(Te,L) ~ LV7(1 + al), S0 — TR R I T



Binder 2R £ R R TP

e Binder cumulant U = 1(3 — o

2D Ising model; MC results

1 1.00
e [ =]28
0.8 B, — L=1632064 ]
AR oo =8 0.95
o 0.6 -
04F 0.90}
e [ =1024
0.2 — L=12§
0.85p °° L=064
0 224 2325

256, 512

UZ(T7L) :f(5L1/U7 MlLiw] ) uZLiwzy ceey

2.26
T

>> ), dimensionless k = 0

09nf"

0.920]

7 0918

0916]

0914

091254

= UC—FCIQ(T—TC)LI/U—I—CI]M]Liw] +...




HRENE (ZHEE)
o BAHEIE, RS RBRERY, FHE
St
o B FIFIT S RRE S AR R

> FUBILHESES 1S LGW Hamiltonian
1ﬂ¢)=/ﬁv«v¢f+w@?+u¢%%

Z=[D® e H®
Hbe 2RETFZE

> s~ (T—T.)
> T < TKEF(®) #0: HARPRIERL R

o Wilson’s E 1F{Lf¥(Renormalization Group) ¥ig;
> EIE R i SR A B AR PR RN 2 A 4
R E
l4n: 2D Ising, 3D Ising, 3D O(2), 3D O(3)
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E‘ A
=M
&= I Isingt5 7Y
H=-]Y sis—hY s J>0
<ij> k
S5Z2IG0AE, FNIEBT =0
> h << J, EE|0) =TT, [z, +) 8L |z )i

lim  (sis) ~ 1
li—j|—o00

> b >> 0, FE0) =TT, |x, +) RS, s XS, SEE TR

—li—Jl
( € )

(sis;) o< exp

> h— h, IG5

1
~ (h—h.)"" — o0, <85 I
€~ (h—h)™ =00, (55 o (=

> FEh, RIS TR B AR



AIS—PE T RIF] 5
> BRRENGel - & F FE AR

H = ZJ,]S,SJ

<iyj>

H(J1),H(J,): demerized AF Heisenberg Hamiltonian, g = J,/J;

g=J2/J; Ja
Jq Jq

o g < g., REFMINéel ¢
o g > g., dimer #H;
dimer JFRECR (| 1) — | 1))/ V2RIERE, BT



Quantum rotor model

o BNHEA FH— 1T (rotor): BLTLEN — 1 4EBRTH IZ5). nR e
N EES, LETHAhERR.

e Hamiltonian
Jg JgL?2 T
i (i)
1/(Jg)¥eohiti &, J A 1EH
o g> |, REENREES, BT
<0|l’ll‘ . Ilj|0> ~ Eilx"ile/g.
e g IEESR, WHF

lim (n;-n;) ~1
|2 —xj| =00



Bose-Hubbard 27!

Bose-Hubbard &7 ] DAFH A Y G 4% A B 3% (608 R

H= —tz ataj + v Zn,-(n,- -1) - pZni
<ij> 25 i

t SR TR A AR A R R 2 E R

U iR B8 B A B ERENTAR U > 0)

S



Lo> U, HTNEERSTHE, RILTFERR(SF)

NN N/
NS NS

[YsF)u—o o (Z GFL)N|O>

2. 1< U, FRERAN, B0 STEEFEE 8RR
/N, RBALT Mott AL AR ML)

WY

[wr)i=o o | [ (a")"[0)
i=1
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Greiner et al., Nature (‘0

» MI: integer filling, insulating, gaped
» SF: any filling fraction, gapless

R S
SF
MI et
n=2 n=
MI S
n=1 ' n=1
=0 (), U



= AH 2R B — A
2% £ —{~Hamiltonian
H(g) = Ho + gH\

> [Ho By = 0: FIRSH AL, 0% A 5 R 3 Y T g s
E E

] g . g
> [Ho,Hi] # 0: %L — oo, BIMREYITEQ EIARE, A RIE,
RV o SEIRGEATIERLRIRS) A & XEhh
I A8
§~(s-8) An(g—g)" ~E751/A =&



LI 5 BT AR

% B — 42 Hlsing §E, TL/MA(B = 0)

M 1 2 i i

HECo s AT LUl F R R

Z = ZC_H/T = Z H T](Sl',SH_])
{si}

{s;} i=1l,m

HAT (s1,50) = ek2  HFK =J/T
R E P AR R FERE T
Z=Tr(T)™

T ek e K
1= _ )
e K X

PR FL HAFE (transfer matrix)

Hr
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LI 5 BT AR

(si8;) Ze Tsisj = zTr(TiUZT’ ‘T
When M — oo, AT ARMER NEER, THEox, +) = |x, —)
(si5) = (2P~ = (tanh Ky~
1

KBRS B
¢”€ = (tanhKY ™!, 1/€ = —In(tanhK)

When T — 0, 1/€ ~ 2e= %K



LI 5 BT AR

BAINE
T — X 1 e K — (1 —2K _x
1=¢ 2K =c (l+e 70
~ef(1+ %a") ~ e
TEE — coIRRIRT,
T1 = C_’HQ

/H\:EPHQ =—-K— iax

H

_ o
Z=To(T))" =Tre "™ = Tre™ ¥

o XE—MRET =1/M — 0KET RS
o —HETRKEMLsing EF M T TR N — MG TR T B!

o 1/, MRS MR BENT =0, TERETRS HE

BRRZWRVES
o AEFRA =1/¢
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(D + 1) 4254

<~

> MR — P ETRGHIEL D A

D #E e TR BeREFEE

> EEIGE—AT7 IER (RIS B 77 1], F43EF%
FEHERET.
Z=TrT"

> BERFEHERGPR SN —ATHAR R 5 —17, M
4T

T=¢ Mo

> )7 A EER TR AT, tan R

Z =Tre Mo = Tre e

> 2T REFVERES =M — o
o A ATsinglHT — —HE TR singt&ZY, J/T — J/h

o THELZHA

Heisenberg 174! — — 4 & Frotor (N = 3)



DHEE T RBE|D + 12 R GG BREFH

e “Time slicing” of the partition function
L
Z =Tr{e P} = Tr{H e M AL =B/L
I=1

e Choose a basis and insert complete sets of states

7 = Z Z L. Z <a0|e*ATH|aL_1> cee <012|67ATH|011><041|67ATH|CY0>

[e71) oy OL—1
e Approximation; A] F 5 R8I

Z= > (aol(1=A-H)op_1) - (oo (1= A H)|ay) {on|(1- ArH) o)
{a}

Leads to error o< A2. Limit A, — 0 can be taken.



Example: hard-core bosons
ZK’J Z aja; + ala;) n=ala; € {0,1}
(i) (i)

e Equivalent to § = 1/2 quantum XY model

_ 1
P T R T D DR
(i) (i)

e “World line” representation of

Z= 3y oy (eol(1 = ArH)|ar—1) -+ (ea|(1 = ArH)|ar)(ou (1 — ArH)|ao)

5 ot ’ World line moves for MC
‘5 ! f é( BERES: updating
EEERE
e
; i : =
: EESEE SR .
; / } t
Z= W({a}), W({a}) =A%, ng =number of “jumps”

{a}



D#EE T REFD + 152 ARG BHEFR )

o KHHEFETTE AL
(o1 \67A7H|0¢k> = exp[—A,S(ay)]

o FRZIEMETT AR AR

L—1 B
Z=) exp|-A;) S« )1 = Da(r) exp [— dTS(CK(T))]
e |- Tostn| = [ e~ |
o SHIEHZ

o ESIEIESTEL, DUEE T RGIBRI D + 14 BRI R ID ) R AL
o T — OFf, B — oo, RYLND + 14T AR



quantum rotor F) B& 12 FH 7 B

o Quantum rotor model iz 5 PR£L

Z:/Dne’s
1 811 2
S, 2~/d7’/dx[ 87 )

;H\:EPCZJ\/gag:\/g

o NELEM AR, XA {Enonlinear o A
o WFRIEO(N)



FAIN—FPEE 125> Series expansion representation

Taylor expansion e ~AH = $°°° (=8 g

n n!

Z (aolH|ap—1) - -+ (2| Hour) (o [H] o)

N
m

o Similar to the path integral!

e For hard-core bosons, the allowed path weights is W (path) = 5" /n!



Series expansion representation: 5 %5 BL45 T4 [n] & )
Kof B

Taylor expansion e ~#¥ = > (_n’?)nH"
o~ (=B)"
zZ= ZO p {Z}(adH\an—l) -+ (en|H|ar){a1|H|ow)
n= aly

For any model, He ## = 7% (=0 pnt!

n n!

=23 C S (e - ool e Hea)
oy 1

= L5 EO S faolfon 1) - ol Hlon) o H]oo)
n=0 {a},
Xr W) o)

z=S"wI), T H{a} &E (H) = S =



Series expansion representation: 5 %5 BL45 T4 [n] & )
X N,

Taylor expansion e~ 7% = $7°° A g

Z= Z (=8)" Z(ao|H‘an71> -+ {cw|H|ou ) {a |H|aw)

n=0 " Aa}

W) (n
Z=3WT), T H{a}, RE (H) = zz:;BW((r)) _

similarly,
= () — (n)> — (n)
BERIEHTN, BTLU(n) ~ NB; IAEEIEHTN, 0, ~ VNS, nf53 R |



BT 5 R A DI S E TR A ) 22 6 N
Tr{Ae PH} S AW,
) = Tre-pH > We

e An SSE configuration
+1 41 -1 -1 41 -1 41 -1

e ®@0O0®O0G®6@oO ® S basis
| e | .
e ® 0O 0@ 0O @ O e diagonal and loop updates
® ¢ OO ® O @O e observables and estimators
e ® 0O ® OO @O : .
o e energy estimator : number of operators,
e e 0O O® OO H.=—n/B
® ® 0O ® O ® 00O e spin stiffness estimator : winding number
® @ O ¢ O ® OO fluctuations
@ e 0O 8 O ® OO
e e 0 ® 0 e® o0 O Ps = 1a=2g
® 0O 00 @O o
e staggered magnetization
e e 0O ® OO @O i
— my = >, (=1)" s, /N
® e OO ® 0 @@ O . e
e 00 o0 D= el HERTERMERTEEGNE

A I RIR — 15 R



= T HZRYE R

o ML B (x,7) ~ 3, 8(7)

> RERBRIEIH IR DAER T ARG (D + 1) 4 e
S(®) = /drd7‘((8711>)2 +12(V,®)* + s®% + u(®?)?)

Z = /D<I> e~ S(®)

» RZEZ & FHEZ A LB Landau-Ginzburg-Wilson 10 HE 2L FR fi#



> FIan: [k RENGel -G &= AR
H(J1),H(J;): demerized AF Heisenberg Hamiltonian, g = J,/J;

g=Jalds
J1 J1

(1] (; D-1-1

»
L

17 2LF-Quantum rotor model, £7 O(3) nonlear o model
e 3D classical Heisenberg universality class:

confirmed by QMC

e Experimental realized



=TI FERE R RS R E
o DHEETF ARG LIBLSI D + 1 Z MRS, (HAEEN 7 R KRB EER
E~o", &nd N RN
o MRAEWilson R FH1H
£:(8,hyu) = b, (86", b ub™)
SRR R RSTAREE R
£i(8,hyu, 1/L,1/B) = L™ f,(8L" kb ul? 1,17/ B)
o A(g,L — 00) ~ 0", F¥F B HAERIIEASEISE], SEEH =671/
A(8,hyu) = 6°f(1,0,ud /")
RATERRR
A8, hyu, 1/L,1/B8) = L™ f,(61" , hL" , ul>, 1,17/ B)

o §=h=OR, FBRHIES ~ L7 8l B — oo, 1FEIA(g, L) ~ L™/



A AR R G H bR A

o BETAGHYHERIGES HHRESFEEA
HANR B R R 46 R e, AT LB RN BRI T M P 2 B il AT R A0 B

HAE &

Af; ~ k() B)?

o LHb =¢
£(8,0,1/L,1/8) = £7%£,(1,0,¢/L, &/ )

o IEFRMHLE = 00, L=¢,8=¢
o HHRBHEEAS ~ & (f(m) — £(0))

‘ P ﬂzAfs ~ §2z—d—z ~ §ld—2)v




BT ARG Fi HE

—PMETARG, BESR, i), e BERE, 2REMFLY



BT ARG Fi HE

—PMETARG, BESR, i), e BERE, 2REMFLY

FERER, RTHEE EWD, B s
Xyl_].;j(7 E’\JF)ﬁE ‘ﬁ\iljl’ RTE W%ﬁilzi’l}j quanum ritical .
i B AKX SRS, R y
AR (symonct

broken)

o YR Flsing A

Wkn = 0, EZER T AW BN (BF) - MEREAS,
WS TE R B S B -

XA R 2R 2 3 A Tsing B AL AH 25 |

o TET =0, ENGh, KENZETFHE,

AT 34k E i Ising B O PAAE AR |



ETHEREATR, FEEYHEENL?

A "
\‘. 2
N, RTERE S
“ 4
\‘ .'
Y ’
b .\ 4
Bl smawx N\ BO=smRTS
L i e '.‘ 3 e@
P Nl & >
& g

o FH—MEEKEEN = he/ksT

WHEE

o WIRE < Ay, BB URFRNERE, MR, InF!
EHERE/ DTG RE

o HELI LR REMTT << J: ik



Ising model, JCHX bR %]
PR S R
HIRRSTPRE
LGW L1 A

TS
BT
itk S HIRR R

IBEE & Tl F A
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Vil

Thouless Kosterlitz Haldane

X = A020165FE 3 DURSRG B RIS T Y E 2



AR

BB KA —HEXY RARTY i % A A 2

Kosterltiz-ThoulessfH 25

u ’v‘"i\ ﬂ \:t/
PAV R A NN NN~ v/
o FIEFRTNEA (BLERFE): 1RTE J /e~ AN AAN~es /]
. IR 4 TR T T U U U NP A
o IEMIRIEAET < T A HREE—HL VAANNZL P bt ANV LY
S VNN~= 2/ F SN
o T > T IRHENfif R FEHHAE NN —— S /o= N\

o NEEMFIEUTZ Bk T T



Haldane B

— 45 F [ Pk fliHeisenberg 7Y

Hy=J)_S; 8

o

KTHEME XA, HaldaneldF &2 T B2 HA0FRTH

1 1 ,On on
S":i/d /dx[cz(aT) +(8x)]+SB’ Z= /D“ ¢
n = (—1)'S;; H&JE—IU&H NI, K 5 & T /1% Berry phase

HF MR skyrmion

e kyrmion number QK LI TR HE HHHT e
Eﬁﬂé%ﬁﬁ’]/\duexp(&s) = 1; THIMFE
Eﬁ/&zi:%a@/ \«Jbexp( ) = (_I)Q Q — 4L /dx n.(alnxazn)

7
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Hietd+ 7§(spin coherent states)
> NEMEEAER N) RENFEGS > TRl
(NISIN) = SN, S FAER T4 @s+1) [ NN =1
o HE— IS TIRT B
H(S)=-B-S
o FIFBEFSE HER S EE, Hb

NG+ )OI = 1= & (NN + HN)

~ exp {—A (<N(T)\%N(T)> + H(SN)M
Z= / DNexp [f / drH(SN(7)) fsg]

B8
SB:/ dT(N(T)|;iT|N(T)>

0



Berry phase

SB—lS/ d’T/d N- <6N 6N>
or




THERS?

o fEAF Néell7, HTFZS 2 FIFZ N, BIES = 1285 N EESE
H Chakravarty, Halperin, Nelson, PRB 39, 2344(1989)

o RFEETIAFSI, HH FEEIT SCBRBAHAHEZE, WOt A R T
H=17)S; 8+ gH,
o Demerized Heisenberg &R HEHBES = 1/2 BIE, BRI

FAR VRIS, HINGEEEFRRNRER, REERKERF,
AT AHLGWHEIS TR, B T3D 03)HiEdE

o [BEAEIFROBE TS, HINIL e (ses)ya
AILREEIERA: W SEmb Pt ’>‘w sasell
PRIERIVBSTS o ' .
Read and Sachdev, PRL 62, 1694(1989) | =1 ,' M N

o ANGelZSEIVBS A & 2B SE i BURZAR

fés



Deconfined quantum criticality &% [] & 1 FH 20
MNeel-VBSHIZELEAHZS: SLOGWHIRAIE  Senthil et al Science (2004)

o Jliif#i quadropled Skyrmion 52X VBS: relevant
Read and Sachdev,PRL 1989

o FHAE SARFNEUA AEENER: irrelevant,

g 3D defect-suppressed O(3) &3
§ e dangerously irrelevant: P {~4 BIUR
E E E o [F5AR™E: violate Landau’s rule;
AR vBS Lo BERE3D O(3) 853D O(2); 3D Zy 1%

17, 4 [ 5 2 dangerously irrelevant

F| F spinoniZ /R K118
o WiiHIF5 &4 H B IE1/20spinoni% 15 E
e NCCP' action

Sz:/drsz[I(V—iA)Z\z+SIZ\2+M(\ZIZ)2)+H(VXA)z]

o VBS—fllspinon/&3z |2 4 H:confined, ZEIm S

H.deconfine ORI X R hedgehog



Expected RG flows in DQC

Ay AE AR F MNERFFE IR (fugacity) Z, R E AL
VBS h t
A /
0
AF DQCP i u(1) SL
P X Y
from M.Fisher Yg>0 Yp<0 Y <0 ¥p>0

Skyrmion[Jdangerously irrelevantfT 1 2L, T3D Z; models:

Z4 45 W 7P fldangerously irrelevant



Dangerously irrelevant perturbations: two length scales

H= —JZcos(H,- —0;)—h Zcos(q&i) %
(if) i

q="6
h t
Q h is dangerously irrelvant

e irrelevant at critical point
e relevant at ordered state
Fixed points:
P = paramagnet
X =3D XY critical

P X Y g Y = XY symmetry breaking
Yg>0 Yu<0 Yg <0 ¥p>0

Q= Z, symmetry breaking
Okubu et al PRB 2015
e correlation length £ o (g — g.)™";

’

e cross-over length scale from XY order to Z, order £’ o< (g — gc) ™"



1HIIMC @ME&%Z] R W crossover 1T7H

e standard order parameter (., m,)

1 1 )
me = Zi:cos(e,-), my = Z,: sin(6;)

e probability distribution P(m,, m,) shows cross-over from U(1) to Z, for
T<T.

Zg L=4 Zg L=32

e quantified with *angular order

parameter’

my = /d@ cos(gf)P(0)

» BL<E mg=0
> ML my #0

Lou, Balents, Sandvik, PRL 2007



study RG flows with MC

Shao, Guo, Sandvik, work in progress

e Binder cumulant at fixed points
(m*)

Up=2— ,
(m?)?

e m, quantifies the degree of Z,

anisotropy
h t
Q g
é X Y
Yg>0 Yp<0 Y <0 Yp>0

YET, BEELYEK, U, 05T AR

NI
0, PM
Upn={ 077, T.
I, XYFM
L=234,...
005 —
702 —o— Q

0.04

ANOPONOOPON == 2O

Y S




BUERIT AT 7 DQC

IERREREAIN L2 BIEERIER: » A& -0 A
Sandvik, PRL, 2007

:—JZC,]—QZCUCH, Ci=(3 —s,-.s,)

(ijkl)

Lattice symmetries are kept

large Q, columnar VBS

small Q, Néel

No sign problem

order parameter

ideal for QMC study of the DQC

AF

VBS

physics



Emergent U(1) and RG flows in the J-Q3 model

P(D,,Dy): emergent U(1) symm A / U
’ ¥

u() st
AF pace

0.1

J/Q=0.0667 —e—
J/Q=0.2667 +—e—
J/Q=0.3667 +—e—
008 | J/IQ=0.4667 —e—

J/Q=0.5667 —e—

J/Q=0.6067 +—e—
(J/Q),=0.6667 —o—
0.06 - J/Q=0.7667 ——
J/IQ=0.8667 —e—

e Define D, as m, in the Z,

& J/Q=1.8667 +—e—
. 004 |  JQ=2.8667 —e—
model to quantify Z,
anisotropy 002 | |
e Use Binder cumulants U,, and 7 135%\‘*%"};
0
Up -1 -05 0 05 1
e U, — Up shows flows to UpUm

dqe, Neel and VBS Shao, Guo, Sandvik (work in progress)

e Shows similarity with the Z, models, but Z, models only have one
ordered phase, different universality expected



PRE ZRAL: Winding numbers & EEPRE T M

o M NFESEMFSSE Hin, ~ np ~ 0.27: — ML FETF3D 0(3)

Winding number 5 H g R HE E AKX R

(W2) =26, + %Nx

KFI-Q R 2 = 1, BIRES o L; IBH IHRRTFRE—I6 5

ps < L7' x oc L7" — (W?) = constant

35 T

e large scaling corrections?

Sandvik PRL 2010, Bartosch PRB 2013

340 E

ﬁ 33 B o weak first-order transition?
ol — i Chen et al PRL 2013
//I o NSRS

L L I L X A
10 20 30 40 50 60 70 8 90

W Nahum et al, PRX, 2015
Jiang et al . 2008



B R — W
o XHE ~ 5V L NBRAR:  Z, KT P W B
MBI BRGESNESE | — IEFAT 3D 0Q), € ~ 6, v < v/

BB FA A IEE,
H FHREIE N

—~
T
|
b

~
}

77
\ i
X

OF = Fyan — Funiform

g Sng
1/
H//;
iy
A
\\

f
fi
i

TE Mk = 6F /L1

from Sentil 2004 1
R~ —
33

e VBS domain wall MiZAE 2RIV R




%3D 7, B (VR R < BRAE BT 5

3D g-state clock model(g > 4) (Z, ):

H= —JZ cos(6; — 6))
(&)

E)Z =6/\ﬁlf” ; E

o HZEARIRTS, WREERE

1
33
o BHRMT, LM HERR TR

K~ L2

\m
EVLV

KR ~

BRRTRERRE — L& — L

&~

Léonard and Delamotte, PRL 2015

’ . .
vV v/~ 0.47, 1 is universal




VBS domain-wall scaling in the critical J-Q model

o FFTGH 5T 55 i 1k R oy B 6—m/2 b=
o MRIEDQCHLI

o BRRFrE
> =L s Lk~ LT
» ¢ — L HTE < &, Hibe
FL s~ L4/

o BUELEREH /v =0.72(2)
P& Z BRI H )
v =0.45(1),v = 0.58(2)

1+v/v’

o EHE/RTDQCHILH M REITH !
o AT 2% H ) dangerously irrelevant perturbation”



E T Im AR PR
o I RHUREEH— M BROEHIE o 67, & o5
o HAYHRARHRR IR, RS HRIRTA o 57

e Conventional scenario

A(8,L) = L™/ f(6L"”  sL'/""), |A(6 =0,L) < L™"/"

L — oo, f(OLY", 6L'/¥") — (6L'/¥)", recovers A o 0"
e We propose

A(8,L) = L™V f(sLY" 6L, |A(S =0,L) oc L

when L — oo, f(6L'/¥,6L'/"") — (6L'/*")" leads to A o< 6"

For example: spin stiffness p;, k = v(d +z — 2) = 1. At g,

NOT p, < L™!, BUT py o L™%/V

e We provide a phenomenological explanation



General scaling theory for p;, single length scale

Fisher et al PRB,40,546(1989)

Free energy density scales

R (NI

2
° ps% is the excess energy due to a twist along apace:

g

AF.L.B) ~ €IV 5 ~ 0T

e Y has to behave like (£/L)?, thus

s ~ 527(d+z) ~ 5u(d+272)

e replacing ¢ to L, we have p; ~ L~ (@+:=2)



Two length scales scenario

Free energy density scales

@y § & & &F
f(0,L,B) ~ &1 (Z’EZF)
o the excess energy due to a twist along apace:
Ad., iy £ € € €°
Ps(T) ~ Af(5,L,B) ~ & F Y(Z §7Z7F)
which means e e
v a 2—a

e The larger correlation length &’ reaches L first, so L = &’

we have a = 2, and

D5 ~ 57(d+172) ~ §rld+i=2)

but, since L = ', £ saturates at £ = L,

L~ (d+z—2)v /v’

Ps ™~




Evidence for unconventional scaling

according to our scaling form
ps ~ LYY instead of py ~ L™

X ~ L_"/”l, instead of y ~ L™!

(a) domain wall energy (b) spin stiffness (c) susceptibility
K e=1+VIV’ 0.16

0.15H7F xL
1.6
0.14
0.10F 150,
0,05k 0.12
0.00 ‘ 0.0 0'10 ‘ 0.65 ‘0‘1 /L 0.10
=0 01 02 1L 0 50 100 L

e This explains drifts in Lp, and xL in J-Q and other models
(z=1,d=2)
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1 S. Sachdev, Quantum Phase Transitions (Cambridge University Press,
Cambridge, England, 1999).
2 A. W. Sandvik, AIP Conf. Proc. 1297, 135 (2010).
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