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Haldane A

— & T ] ki Heisenberg 57

Hy=7)_S;-§

SKTEAEEA, HaldanelEE 2 T B HHIFATH

/ / { o (gj:)}jLSB, Z= /DneS"

= (=1)"Si; SprEthFNIL, K B & F J12¥Berry phase, o8 TN

¥R FEskyrmion
e skyrmion number OELITFIRIRRVRTMAT, Sp = 2750

H JEREEL T R Stexp(Sp) = 1; Haldane phase, #i¥h 52
AR

AR B A exp(Ss) = (—1)% IHRBGR) o 177




THERGT?
o TEAF Néell¥, HT S & FIF2 M, HAIM &5 Berry phase #itiE, Al
S = 1 /2R GiSpth ANEIER
Chakravarty, Halperin, Nelson, PRB 39, 2344(1989)
o WIREBFI NS, JT S S B 1AEZ2, B E T
HIJZSi~Sj+gH1
o Demerized Heisenberg 7 & FE i A {8

S = 1/288E,

EHITCFF A2 PRI, HEMNER R
FANEIER, AR KRR

ATUALGWHEIS A, BET3D 03)HiEH

o HHEBMIHEMIMES: BERE—
TS = 1/2H]iE



FEREIE AR RS

(my) = (5 32, Si(=1)""1) =0
> Valence bond(f/M AT HHE ) e

RVB

° lrie::)ir(ljz;ting valence-bond (RVB) Eﬁﬁ‘}ﬁfi\(spin — // //
BHE KR A
VBS
e valence-bond solid (I #[&E A VBS)
WRBR T FhA% ) PR AR N AR 1tk
D,

VBS fFZ & (D, Dy)

D, =

SN (=1)98i - Sis, Dy = & S0 (—1)S; - Sigs

z|=

((Dx, Dy)) # 0
VBSHIFAFME AL 550 Read and Sachdev, PRL 62, 1694(1989)
o MNéelZIVBSHIFHZS & EREM?
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Deconfined quantum criticality f#%% ] & 7 FH 4%
MNéel-VBSHITELEAEZY: SLGWHISANE  Senthil et al Science (2004)

o |liif##Hquadrupled monopoles SFE{VBS: relevant
Read and Sachdev,PRL 1989
o HHAR FALFRINBUANEEVER:  irrelevant,
3D defect-suppressed O(3)3 i 2
o JEHARI™E: violate Landau’s rule;
BEAZ3D 0(3) 3D 0(2); 3D Z #E2
W7,y #1744 /& dangerously irrelevant

order parameter

AF VBS

F| H spinoniz R 114
o WiHIF5 &4&H BIE1/2KspinoniZ 5 E
e NCCP' action

S = /drsz[I(V —iA)2 + slz? + u(|2*)?) + w(V x 4)7]

o VBS—{lllspinon/3Z F| &4 %5 confined, 7EIIf 5 f.deconfine
QHIELZE %} R monopole



Expected RG flows in DQC

£ T g2
X AN BRI O (fugacity) Z, REMERRE
A4 A4 TST.T=T. T<T. 2
q
0
AF DQCP ; u(1) st
from M.Fisher G XY NG :u

SkyrmionfJdangerously irrelevantfT 3 2Ll T3D Zs models:

Zy % 17) 7P ) dangerously irrelevant
e correlation length £ o (g — gc)™";

e cross-over length scale from XY order to Z, order £’ o (g — gc)f”/

PR EmF AT !



EIEMC LR R Z, B crossover 177
e standard order parameter (m., my)
1 1 .
me = Z’: cos(6;), my = Z sin(6;)

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

Zg L=4 Zg L=32

Lou, Balents, Sandvik, PRL 2007
FER—MEET, SRR R



Deconfined Quantum Ceriticality, picture from VBS side

e Topological defect: Z, vortex form at
nexus of four domain walls

o ¢’ is the thickness of domain wall,
diverges faster than &

o At the core, there’s an unpaired spin —
spinon
different from Z, vortex of the ¢ = 4
clock model

2)232))
2)))
i)))
¢J)))

2)232))

2)232))

)))
1))
)))

order parameter

i\ S

AF VBS
9

[T11

e Spinons bind together in the VBS state
(confinement) and condensate in the Néel
state, deconfine at the critical point

e Jeading to a continuous phase transition in
a New universality

Levin and Senthil, PRB 70, 2004



numerical study of the DQC



BUERA 7 1EF R DQC-IQ model

AR AN £ 2 ARer B IER: " A& -0 RE
Sandvik, PRL, 2007

:—JZCU QZCkau Cu*( Si)

(ijkt)

Cij Cklcmn

Lattice symmetries are kept

e large Q, columnar VBS
e small Q, Néel

order parameter

e No sign problem
e ideal for QMC study of the DQC physics

AF

VBS




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

P(Dx, Dy): emergent U(1) symm 0

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—

J/Q=1.8667 ——
J/Q=2.8667 ——

D,

e Define Dy as m, in the Z; model ooy

to quantify Z, anisotropy

002 | 1
e Use Binder cumulants U,, and Up \M/}
e U, — Up shows flows to dqc, 0 L. /. DB
Neel and VBS 4 o5 o o5

Up-Un,

Shao, Guo, Sandvik (work in progress)
e Shows similarity with the Z, models, but Z, models only have one ordered
phase, different universality expected



P 2534 (scaling violation)

BESHE oy o 6V iRy o« §@-D¥
Conventional FSS

ps(6,L) = LD L), x(8,L) = LTIl

At critical point: py oc L~ = [ 7%y oc L7U7D

z =1 for J-Q model, p,L and xL should be constants at g,

T T T

327

— ay"+a L va,l’ 01508 — aL""+a,l+a L va L

— b b L’

0.551 020 = L=256
o L=48 064, 96, 128, 192

° L=32

02, 0
— ara Ll

050
;E 0.15
. % 3
S 045) X 0.145- 1 &
B
0.10

040

035F . 4 o140

L L
0 20 40 60 80 0 20 40
L L

e 7 # 1 does not work
o large scaling corrections? sundvik PRL 2010, Bartosch PRB 2013

o weak first-order transition? cheneiapre 203 3X 5 B E DQCHEIE A AN
3% ! Nahum et al PRX, 2015; arXiv: 1506.06798



=T Im S REZRE

Shao, Guo, and Sandvik, Science 2016
o MAMREKER—PSHIEHE <07, & 6
o ENMYHEHBAFERRTIRE, ERITEWRRTA « 6~

e Conventional scenario

A(S,L) = L~ F(sLV” L"), |A(6 =0,L) oc L™"/"

L— oo,f(5Ll/”,5Ll/”l) — (L"), recovers A o 6"
e We propose

AG,L) =L~ p6L" 5Ly, |A(6 =0,L) oc L™/

when L — oo, f(6L"", 5L1/”/) — (5L1/”/)"“ leads to A o 6"
For example: spin stiffness ps, k = v(d +z—2) = 1. Atg.

NOT py; < L', BUT pyoc L%/

e We provide a phenomenological explanation



Evidence for unconventional scaling

Shao, Guo, and Sandvik, Science 2016
according to our scaling form

0.15

0.10

0.05

0.00

Ps ™~ L_V/V/y

x~L

(a) domain wall energy

v/v'

)

(b) spin stiffness

instead of ps ~ L

instead of xy ~ L'

(c) susceptibility

e=1+v/v’

L 17F
1,6\
LLsp

0.6
pL

s

0.4

0.16
xL
0.14

0.2

I 0.2 0.12F o \‘
01005 011 000505 oL

: 0.0 . . 0.10 . !
0 0.1 0.2 1/L 0 50 100 [, 0 50 100 [,

e This explains drifts in Lp, and xL in J-Q and other models (z = 1,d = 2)
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o B=1/THE BRI
L— g'/z

B RIS = 1 for J-Q)

i

> ¢~ LBHE o gl =T, f,:;“::
>y~ L= 4 PR S
Hix, < g~/ =T N

o BT % By /0

& x TV X ~ L™/ leads to Xy X T/

L6 g
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Shao, Guo, and Sandvik, Science 2016
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o XTFT > 0 FAIMAERR T IREL AT LIS EET AR

Reference:
1 Science 354, 213 (2016)



e Spin-liquid-like state in disordered 2D quantum magnets



e | Searching for Spin-liquid-like state in 2D quantum magnets




Random Singlet state

e Random Singlet (RS) state: No any longrange order, correlations decay
algebraically, a spin-liquid-like state

e 1D: Random Singlet state in random J § = 1/2 chain is well known

e Each spin is paired with one other spin that maybe very far away
e oa oTP P 0O QD ITB ST QTR p

using SDRG, properties of the Infinite Randomness Fixed Point are found

very slow dynamics z — oo
typical corr. C™(r) o exp(—cr'/?)
but mean spin correlation C(r) o< 1/r%, dominated by rare long VBs

VVYVY o

Dasgupta and Ma, PRB 22, 1305(1980); D. Fisher, PRB 50, 3799 (1994)

e exist (or stable) in 2D unfrustrated systems? Controversial



Simpler system: site diluted Heisenberg dimer system

When diluted

e Unpaired ‘dangling spin’ moments
form in gapped host system

For intact system
e J/Ji > 1.91 dimerized phase
o Effective bipartite interactions
Nagaosa, et al J.P.S.J, 1996
e Moments form weak AFM order
Is this the faith of the spinons in the square-lattice disordered VBS?

e Kimchi, Nahum and Senthil: Most likely yes
frustrated interactions required to induce RS state
PRX 2018

e Our conclusion: RS phase exists in 2D unfrustrated systems



Models, schematic phase diagrams

e Introduce randomness to the 2D J-Q3 model

= —]Z CU -0 Z CkalCmna

(ijklmn) @ @ e e
o==0 |s o}
O] 0 6® @

1
Cj=(;-Si'8)
» random Q: e.g. Qjjkimn = 0,20 randomly
» randomJ:e.g. J; =0,1orJ; € [1 — A, 1+ A]

e We find the schematic phase diagrams: A represents disorder strength

(b)
A

AFM RS

VBS
Qi1




Mechanism of RS state formation

e Clean system, there’s no static domain
wall

e spinon pairs move in the whole
space-time

However, when disorder introduced

e According to Imry-Ma argument,

» any amount of disorder in a VBS will
cause domain formation: destroy VBS

e Spinons form in pairs (Not random
distribution) and frozen:
a pair (left) and a quadruplet (right)
e domain walls mediate spinon-spinon
interactions

e pairing avoids AFM order, instead
power-law correlations




Properties of the RS phase: correlations
e (C,: spin-spin correlation;

2 o J0=0 For large Q/J:
10 o Q=4 5
R o Q=2 > Cs(L/2,L/2) x 1/L°
310
2 > Scaling: Cy(r) o< 1/rP+72Fm
0 @ therefore,
§ 12 16 24 32 &
£
random Q model
02k @ ou=12 ezt ”
T menres e
z °° oo 5
.. . L1000 = et
o Finite temperature behavior of the b & P
. N ¢ e
uniform susceptibility 10°F #
oot
Xu X 7/+! 107561 I{/)‘jl i
10" T T
we found ) ou=20
L) °
e 7z = 2 at transition points 107 aaee®Pe Jesot®
= 2000
e z > 2 inside the RS phases . i PR
107F 3 o L=32
b i o iby
T

0.01 0.1



Similar results found in frustrated system

H.D. Ren, T.Y. Xiong, H.Q. Wu, D.N. Sheng, and S.S. Gong, arXiv: 2004.02128

(a) @;
. s:‘ Aajj)
R Jo(1+ ABy)
i /
@
(b) A/J=1.0
S g
Neel AFM Stripe AFM
A

e DMRG calculations with 2D J;-J> Heisenberg model, frustrated system

e confirm universal RS state withz +n =2

RS state, Not just in JQ model, a universal behavior



Experiments: Some ’disordered spin liquids’ may actually be RS states

g
=N

INg
S

W N
wn O 8]

u

x [10'3 emu/mol]

w
=)

2.5

» Recent example Sr,CuTe;—W.Os

square lattice S = 1/2 system with J; or J> randomly on plaquettes

10

T [K] ' T[K]
xu forx =0.2,0.3,0.4,0.5
Watanabe, et al, arXiv:1808.02614

c 8r,CuTe0,

Sr,CuWO,

=Q=’4=D=

wh @

aw
& o

e The fitting curves are
Xu = Xo +cT™*
a=1-d/z

> red: T < 4K
> blue: T < 3K

e different from Curie’s law



Experiments: Some ’disordered spin liquids’ may actually be RS states
Experiment done by ShiLiang Li’s group
Hong, Liu, et al, PRL, 126, 037201 (2021)

25 LR ( NAF) SrpCuTe W06 @ 0.08
. 0.06
20 LR -
T*by neutron -
O Mustonen 2018 2
o 15 % Vasala2014 = 0.04
x <
-
~
10 B8R (NAF) . X005 ﬁ
A x=0.1 *
5 0.02
3 4 5678 10 20 30
LR (CAF)
0 T(K)
0 0.2 04 0.6 0.8 1
X

Time-dependent zero-field uSR spectra
o The relaxation rate exhibits quantum-critical scaling with dynamic exponent
z>2

Ao T a=1-d/z.
We found

» forx=0.05,4a=035+003—-2z=3.0£02
» forx=01,a=042+0.03 - z=35+03



Conclusions

e We found RS phase in unfrustrated 2D system; but not infinite-randomness
fixed point (z is finite)

e We can not rigorously exclude weak AFM order
» unlikely, in light of well-characterized AFM-RS critical point

e The RS phase may be universal

> properties can be investigated in great detail with QMC
> comparisons with experiments possible, e.g., varying z. Some ’disordered spin
liquids’ may actually be RS states

References:
1. L. Liu, H.Shao, Y.Lin, WG, A. Sandvik, Phys. Rev. X 8, 041040 (2018)
2. L. Liu, WG, A. Sandvik, Phys. Rev. B 102, 054443(2020)
3. W. Hong, L. Liu, et al, Phys. Rev. Lett. 126, 037201 (2021)
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