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Abstract: In the original field theoretical scenario of deconfined quantum
criticality, the deconfined quantum-critical point (DQCP) separating
antiferromagnetic (AFM) and singlet-solid phases of quantum magnets
IS generic, i.e., does not require fine-tuning. Recent numerical

studies instead point to a fine-tuned multi-critical DQCP [1] that

is also the end-point of a gapless spin liquid phase [2]. An example

is the Shastry-Sutherland (SS) model, where a narrow spin liquid phase
was recently detected [2,3], instead of the previously argued direct
transition between plaquette singlet solid (PSS) and AFM phases.

The multi-critical DQCP, followed by adirect transition without
intervening spin liquid, can be reached when other interactions
areincluded. Very recent NMR experiments on the SS compound
SrCu2(B0O3)2 under high pressures and high magnetic fields are
consistent with this scenario [4]. Low-temperature (below 0.1 K)

direct PSSto XY-AFM transitions were observed that become less
strongly first-order at higher pressures. At the highest pressure,
guantum-critical scaling of the spin-lattice relaxation was observed,
indicating close proximity to a DQCP. This point may be the end-point
of anot yet confirmed quantum spin liquid phase existing at slightly
higher pressures.

[1] B. Zhao, J. Takahashi, and A. W. Sandvik, PRL 125, 257204 (2020).
[2] J. Yang, A. W. Sandvik, and L. Wang, PRB 105, L060409 (2022).
[3] L. Wang, Y. Zhang, and A. W. Sandvik, arXiv:2205.02476

[4] Y. Cui et d., arXiv:2204.08133.
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Shastry-Sutherland model  shastry & Sutherland, 1982
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Shastry-Sutherland model  shastry & Sutherland, 1982
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Shastry-Sutherland model  shastry & Sutherland, 1982
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Shastry-Sutherland model
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Shastry & Sutherland, 1982
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PEPS (tensor product): Corbotz & Mila PRB 2013
First-order plaquette - Neel transition

JJ >0 g=J/J

Plaquette phase !
: 2 L) " L - (] (1] . L]

L ) : ll.llull.ll ..
[ ) : |IB0.IIB0
. : ll.l!ul!.li .

Neel phase

Pirsa: 22050035

- J/J

0.675(2) 0.765(15)

Page 10/68



Shastry-Sutherland model  shastry & Sutherland, 1982
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Shastry-Sutherland model  shastry & Sutherland, 1982
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Here: Level crossing method to detect transitions

0.70 075 080 085 090 095  Yang, Wang, Sandvik, PRB 2022 (DMRG)
J1/J2 Wang, Zhang, Sandvik, arXiv:2205.02476 (exact diag.)
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Level-crossing method
- Example: J1-J2 Heisenberg chain
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Level-crossing method - =]

- Example: J1-J2 Heisenberg chain S s = =5
N N
O O | dimerization transition
H=J Si-Sipr1+J2 ) Si-Sito g =J2/J;
12_1 o 2_1 ’ at gc = 0.2411...

d<dgc - unique singlet ground state, critical state, 1/r spin correlations
- lowest excjtation is a triplet
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Level-crossing method - =]

- Example: J1-J2 Heisenberg chain S s = =5
N N
O O | dimerization transition
H=J Si-Sipr1+J2 ) Si-Sito g =J2/J;
12_1 o 2_1 ’ at gc = 0.2411...

d<dgc - unique singlet ground state, critical state, 1/r spin correlations
- lowest excitation is a triplet

d>Jgc -doubly-degenerate singlet ground state, gapped excitations
- quasi-degereracy for finite N, lowest excitation is the second singlet
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Level-crossing method E—

- Example' Ji-J2 Heisenberg chain “CAANCASA _ 1
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Level-crossing method — =

- Example: J1-J2 Heisenberg chain e A A =

N N
- _ dimerization transition
H =] § 'S - Siq1 + J2 } S;S;ia g=Jy/Jq

d<dc - unique singlet ground state, critical state, 1/r spin correlations
- lowest excitation is a triplet

g>gc -doubly-degenerate singlet ground state, gapped excitations
- quasi-degereracy for finite N, lowest excitation is the second singlet

The two lowest excited states cross at gc A - o o a
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Level crossings in the SS model. 1) Small clusters, exact diag
Wang, Zhang, Sandvik, arXiv:2205.02476
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Level crossings in the SS model. 1) Small clusters, exact diag

quasi-degenerate singlet ground state

of the plaquette-singlet-solid (PSS)
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Level crossings in the SS model. 1) Small clusters, exact diag
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Level crossings in the SS model. 1) Small clusters, exact diag
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Level crossings in the SS model. 1) Small clusters, exact diag

quasi-degenerate singlet ground state

of the plaquette-singlet-solid (PSS) ! 1
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Composite gaps: dr = E(T») — E(S2) 96 = E(Q1) — E(T1)

Gap criteria for PSS and AFM ordered phases
PSS: A(Sy) < A(T
e (52) (11) Anderson tower

AFM: A(Qy) < A(S2), dr <A(S2)  Egx S(S+1)/N
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Level crossings in the SS model. 1) Small clusters, exact diag
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Level crossings in the SS model. 1) Small clusters, exact diag

quasi-degenerate singlet ground state
of the plaquette-singlet-solid (PSS) . 1
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Gap criteria for PSS and AFM ordered phases
PSS: A(S;) < A(T
&= (52) (1) Anderson tower

AFM: A(Q1) < A(S2), dr < A(Sz) Jz%‘s x S(S +1)/N
Gap crossings vs g to detect quantum phase transitions
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Example, N=36: gaps versus g=J/J 151 sy o Q) - 7
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Example, N=36: gaps versus g=J/J’

Size dependence of crossing points
A(T1) crossing A(S2) = ge1 (end of PSS phase)
A(Q1) crossing A(S2) = gc2 (start of AFM phase)
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Example, N=36: gaps versus g=J/J’

Size dependence of crossing points
A(T1) crossing A(S2) = ge1 (end of PSS phase)
A(Q1) crossing A(S2) = gc2 (start of AFM phase)
or crossin.f@ A(S2) = gc2 (start of AFM phase)
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Example, N=36: gaps versus g=J/J J1’.5 FAS,) o AQ)) -
Size dependence of crossing points  %P/7" | gg@ L i
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Example, N=36: gaps versus g=J/J’

Size dependence of crossing points
A(T1) crossing A(S2) = ge1 (end of PSS phase)
A(Q1) crossing A(S2) = gc2 (start of AFM phase)

Ot crossing A(S2) = ge2 (start of AFM phase)
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Example, N=36: gaps versus g=J/J’
Size dependence of crossing points
A(T1) crossing A(S2) = ge1 (end of PSS phase)

A(Q1) crossing A(S2) = gc2 (start of AFM phase)
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Example, N=36: gaps versus g=J/J’

Size dependence of crossing points
A(T1) crossing A(S2) = ge1 (end of PSS phase)
A(Q1) crossing A(S2) = gc2 (start of AFM phase)

Ot crossing A(S2) = ge2 (start of AFM phase)
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Level crossings in the SS model. 2) DMRG, cylinders
2L x L spins, open x boundaries, periodic y boundaries Y2"9 ang: Sandvi, PRE 2022

PSS state is unique
- boundaries break
symmetry

e A
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Level crossings in the SS model. 2) DMRG, cylinders
2L x L spins, open x boundaries, periodic y boundaries Y2"9 ang: Sandvi; PRE 2022
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Level crossings in the SS model. 2) DMRG, cylinders
2L x L spins, open x boundaries, periodic y boundaries Y2"9 ang: Sandvi; PRE 2022
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Level crossings in the SS model. 2) DMRG, cylinders

2L x L spins, open x boundaries, periodic y boundaries

PSS state is unique

- boundaries break
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Second singlet is not degenerate ground state
- we can still make arguments for crossings
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Level crossings in the SS model. 2) DMRG, cylinders

2L x L spins, open x boundaries, periodic y boundaries

PSS state is unique

- boundaries break

symmetry

Second singlet is not degenerate ground state
- we can still make arguments for crossings
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A(S=0), A(S=2)

0.3

Yang, Wang, Sandvik, PRB 2022
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SS model DMRG, spin liquid properties

Gaps in the spin liguid phase
decay as 1/L (z=1)

o
(o)]
|
nwoonon

Pirsa: 22050035 Page 37/68



SS model DMRG, spin liquid properties

Gaps in the spin liguid phase
decay as 1/L (z=1)
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Checker-board J-Q (CBJQ) model, QMC  zhao, weinberg, Sandvik, Nat. Phys. 2019
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Checker-board J-Q (CBJQ) model, QMC  zhao, Weinberg, Sandvik, Nat. Phys. 2019

) H=-JY P;—Q Y (PyPu+ PaPy)

(z]) ijleD’
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Checker-board J-Q (CBJQ) model, QMC  zhao, Weinberg, Sandvik, Nat. Phys. 2019
9 @ H=-J) P;j—Q Y (PyPu+PyPy)

A (i5) ikl 1
O, .9 BNEN
g Two-fold degenerate PSS state \ \

- like in the SS model 1111
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Checker-board J-Q (CBJQ) model, QMC  zhao, Weinberg, Sandvik, Nat. Phys. 2019
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Checker-board J-Q (CBJQ) model, QMC  zhao, Weinberg, Sandvik, Nat. Phys. 2019
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Checker-board J-Q (CBJQ) model, QMC  zhao, Weinberg, Sandvik, Nat. Phys. 2019
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Emergent O(4) symmetry of the coexistence state
Combined PS,AFM order parameter: (mp‘mx,my,mz)
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Emergent O(4) symmetry of the coexistence state
Combined PS,AFM order parameter: (mp,mx,my,m;)
Distribution P(mp,m;) (PS, AFM z-component), L=96
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Emergent O(4) symmetry of the coexistence state

Combined PS,AFM order parameter: (mp,mx,my,m;)

Distribution P(mp,m;) (PS, AFM z-component), L=96
g = 0.21600 g = 0.21755 g = 0.21900
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Emergent O(4) symmetry of the coexistence state

Combined PS,AFM order parameter: (mp,mx,my,m;)

Distribution P(mp,m;) (PS, AFM z-component), L=96
g = 0.21600 g = 0.21755 g = 0.21900
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Emergent O(4) symmetry of the coexistence state

Combined PS,AFM order parameter: (mp,mx,my,m;)

Distribution P(mp,m;) (PS, AFM z-component), L=96
g = 0.21600 g = 0.21755 g = 0.21900
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Emergent O(4) symmetry of the coexistence state
Combined PS,AFM order parameter: (mp,mx,my,m;)
Distribution P(mp,m;) (PS, AFM z-component), L=96

g = 0.21600 g = 0.21755 g = 0.21900 Multi-criticality scenario
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Combine CBJQ and SS models
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Emergent O(4) symmet

of the coexistence state

Combined PS,AFM order parameter: (mp,mx,my,m;)
Distribution P(mp,m;) (PS, AFM z-component), L=96
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Multi-criticality scenario

Also discussed in the context

of Z4 breaking VBS; SO(5) DQCP
- identified new relevant operator
Zhao, Takahashi, Sandvik (PRL 2020)
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Experiments: Shastry-Sutherland material SrCu2(BOs3).
PHYSICAL REVIEW LETTERS 124, 206602 (2020)

Quantum Phases of SrCu,(BO;), from High-Pressure Thermodynamics

Jing Guo®,' Guangyu Sun®,"* Bowen Zhao®,’ Ling Wang®,4"5 Wenshan Hong,"* Vladimir A. Sidorov,” Nvsen Ma,'
Qi Wu,' Shiliang Li,"*’ Zi Yang Meng®,"*”" Anders W. Sandvik®,*"" and Liling Sun®'*"*

9
P (GPa)
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Experiments: Shastry-Sutherland material SrCu>(B0QO3)-
PHYSICAL REVIEW LETTERS 124, 206602 (2020)

Quantum Phases of SrCu,(BO;), from High-Pressure Thermodynamics

Jing Guo®,' Guangyu Sun®,"* Bowen Zhao®,’ Ling Wang ®.** Wenshan Hong,"* Vladimir A. Sidorov.’ Nvsen Ma,'
Qi Wu.' Shiliang Li,"*’ Zi Yang Meng®,"*”" Anders W. Sandvik®,>"" and Liling Sun®"*"*
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First experimental phase diagram P=3.6 GPa P=4.0 GPa
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Experiments: Shastry-Sutherland material SrCu>(BQO3)-
PHYSICAL REVIEW LETTERS 124, 206602 (2020)

Quantum Phases of SrCu,(BOj3), from High-Pressure Thermodynamics
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arXiv:2204.08133v1 [cond-mat.str-el] 18 Apr 2022
Deconfined quantum criticality and emergent symmetry in SrCu,(BO3),
Yi Cui,»* Lu Liu,? * Huihang Lin,}>* Kai-Hsin Wu,®> Wenshan Hong,? Xuefei Liu,! Cong Li,!

Ze Hu,! Ning Xi,! Shiliang Li,>?® Rong Yu,m'T Anders W. Sandvik,®? ¥ and Weigiang Yu!'?¥

Suppression of PS phase by magnetic field, NMR (''B) measurements
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arXiv:2204.08133v1 [cond-mat.str-el] 18 Apr 2022
Deconfined quantum criticality and emergent symmetry in SrCu,(BO3),

Yi Cui,»* Lu Liu,® * Huihang Lin,}>* Kai-Hsin Wu,®> Wenshan Hong,? Xuefei Liu,! Cong Li,!
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Suppression of PS phase by magnetic field, NMR (''B) measurements
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Proxy AFM order parameter: NMR line splitting
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Proxy AFM order parameter: NMR line splitting
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Proxy AFM order parameter: NMR line splitting .
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Theoretical scenario

Picture emerging from models and experiments

* Emergent O(3) symmetry ,,|
(large length scale) on
1st-order PS-AFM line 15|

e Only weak 3D effects =

quantum
critical fan

emergent O(3)

0.0
0

q (P) O(3) DQCP or triple point
close to O(4) DQCP
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Theoretical scenario
Picture emerging from models and experiments
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Summary, conclusions
Shastry-Sutherland model hosts a narrow gapless spin liquid phase
Surprising? Yes: previous numerical studies missed it, no theory predictions
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Shackleton, Thomson, Sachdev (PRB 2021), Shackleton, Sachdev (arXiv 2022)
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Summary, conclusions

Shastry-Sutherland model hosts a narrow gapless spin liquid phase
Surprising? Yes: previous numerical studies missed it, no theory predictions

No: most frustrated S=1/2 Heisenberg models seem to host
spin liquid phases in extended parameter space

The deconfined quantum critical point, O(4) and SO(5), may be fine-tuned
Numerically found multi-criticality — field theory proposal:

“self-duality protected multi-criticality” Lu, You, Xu (PRB 2021)

Other field-theories for gapless spin liquids between PS/VBS and AFM phases
Shackleton, Thomson, Sachdev (PRB 2021), Shackleton, Sachdev (arXiv 2022)

Low-T phases of SCBO vs pressure explained by Shastry-Sutherland model

NMR experiments match near-DQCP scenario
Is there a spin liquid? A

- Not explicitly detected yet but there as a promising unexplored “whire region”

- SCBO single crystals are very clean, may be best spin liquid candidate
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