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Abstract: The interplay of symmetry and topology has been at the forefront of recent progress in quantum matter. In this talk 1 will discuss an
unexpected connection between band topology and competing orders in a quantum magnet. The key player is the two-dimensional Dirac spin liquid
(DSL), which at low energies is described by an emergent Quantum Electrodynamics (QED) with massless Dirac fermions (a.k.a. spinons) coupled
to a U(1) gauge field. A long-standing open question concerns the symmetry properties of the magnetic monopoles, an important class of critical
degrees of freedom. | will show that the monopole properties can be determined from the topology of the underlying spinon band structure. In
particular, the lattice momentum and angular momentum of monopoles can be determined from the charge (or Wannier) centers of the
corresponding spinon insulators. | will then discuss the consequences of the monopole properties, such as the stability of the DSL on different
lattices, universal (experimental and numerical) signatures of DSL, and competing symmetry-breaking phases near the DSL state.
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Band topology (SPT):
Topological insulator, Wannier center,
Polarization...

Instantons (monopoles) in QED;
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U(1) Dirac spin liquid:
consequences in experiments and numerics

Competing orders:
Anti-Ferromagnet, Valence-bond solid...
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Quantum magnetism

Square and
Honeycomb

Triangular and
Kagome

L«

—

Columnar VBS

V12xV12 VBS
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Dirac spin liquid: a mother state?
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Algebraic spin liquid as the mother of many competing orders

Michael Hermele,! T. Senthil,** and Matthew P. A. Fisher?

Deconfined Quantum Critical Point on the Triangular Lattice

- > % 3 . A r - 5 = .
Chao-Ming Jian,"? Alex Thomson,*? Alex Rasmussen,” Zhen Bi,” and Cenke Xu®

Key open issue: monopoles (instantons)
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A crash course on Dirac spin liquid

Parton construction using fermionic spinons:

1

S = i.ﬁiuaaﬁfi,ﬁ

Mean field ansatz:

Hyp = — Z i fi

A handy recipe to access possible interesting states of matter
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Hur = - ) fltif;
i

Arrange hoppings to have 2x2 Dirac
cones at low energy

(Historical motivation: L
Picture from
RVB, cuprates...) Lu, 2016
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U(1) gauge redundancy* on spinon fermions:
]( — e?laf.i ](
=> emergent U(1) gauge field coupled to spinons
Gauge charge per site:

G =30 flafia—1

Gauge invariance: (q) =0

Low-energy continuum theory: QED3 with N~=4
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A few words on QED3

. Strongly coupled in IR
. Interesting scenario: a critical state (CFT)

. Emergent SU(4) spin-valley symmetry (Hermele, et. al, 2004)

. Emergent U(1) flux conservation symmetry:
. . 1 '
J, = ﬂe;_u/)\dua')\

. Supported by recent numerics (Karthik, Narayanan, PRD, 2016)
when monopoles are ignored (non-compact U(1) gauge field)
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Monopoles in QED3

. : \ /
. A 2n-flux insertion operator ‘M NNt oz
S T
— charged under U(1)nux - -
2 N N
. .. / %
. In QEDs: one zero mode per Dirac fermion / \
?
. Gauge invariance: half-fill the zero modes Image from Zyga, phys.org

* *
i, >t

Filling Monopole Zero Modes

. {D1,...Ds}: vector under SO(6)=SU4)/Z
— “fundamental order parameter”

. 3 spin singlets {123} + 3 spin triplets {Da56}
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U(1) gauge redundancy™® on spinon fermions
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=> emereent U(1) gauge field coupled to spinons

Gauge charge per site
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Monopoles in QED3
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The problem

How do monopoles transform under discrete physical symmetries?

Ly — e'*%ou i, 0 € S0(6)

Determined by transformation of
Dirac fermions — relatively easy

Berry phase from Dirac sea

. Lattice-scale origin of the phase factor: Berry phase accumulated
by monopole when moving in charge background
(Haldane; Read & Sachdev)

. Partial success in the past, rely on numerics

(Alicea; Hermele, Ran, Lee, Wen; Ran, Vishwanath, Lee)
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Why do we care?

Conceptually: necessary information to characterize the state

Practically: 1) stability of U(1) Dirac spin liquids:
if monopole perturbation symmetry-allowed, likely relevant and
drives confinement (Borokhov, Kapustin, Wu; Pufu; Polyakov)

3) measurable consequences (€.g. in spectroscopy)

2) determine nearby symmetry-breaking orders
— monopoles are the natural order parameters
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Summary of results

Square and
Honeycomb

Triangular and
Kagome

U(1) Dirac
Spin Lig

Columnar VBS

V12xV12 VBS

/ ~ No trivial monopole

— may be stable

Trivial monopole exists
— not a stable phase
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Example: Triangular magnetic order

e Mass term - (Quantum Spin Hall) —po*1)
e Breaks spin rotation but not lattice symmetries

® Monopole picked out * *

R L

Filling Monopole Zero Modes

e This monopole behaves like Sx+iSy
— non-collinear magnetic order (Senthil, Fisher; Ran,

Vishwanath, Lee: Jian, Thomson, Rasmussen, Bi, Xu)

e What about lattice symmetries (translation & rotation)?
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Charge center: a recipe

® Deform gapped fermions to “atomic limit”

e Focus on rotations: use L=¢em

* Translation generated by successive rotations

Gauge charge centers

CSL\ : €2m',/3

C;V : 6;27r7,/3

(C2)1CY - /3

I mm-n*

Magnetic order
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Meaning of negative charge: “Fragile Topology”
Po. Watanabe. Vishwanath

Our insulator + = . +

Site

(After breaking spin-rotation and time-reversal symmetries)

Calculational recipe from Po, Vishwanath, Watanabe:
Symmetry-based indicators

z . PG eti 1 Y f W TPSG AT =
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Numerical check

(c) 1.0

< 0.9

e triangular _
« square 4 P 08F

. 0.7r 7

1 1 06 1 1 1 1
]60 80 100 0 20 40 60 80 100

4

(¥IGr, - Tily) = pei®

e Dirac sea phase factor for (spin triplet) monopole.

e Square lattice (m,m) - in agreement with Alicea’s cylinder numerics (torus is better).
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Example: Triangular magnetic order

e Mass term - (Quantum Spin Hall) —po*1)
e Breaks spin rotation but not lattice symmetries

® Monopole picked out * *

R L

Filling Monopole Zero Modes

e This monopole behaves like Sx+iSy
— non-collinear magnetic order (Senthil, Fisher; Ran,

Vishwanath, Lee: Jian, Thomson, Rasmussen, Bi, Xu)

e What about lattice symmetries (translation & rotation)?
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Numerics on Triangular/Kagome

U(1) Dirac spin liquid naturally related to:

(d)

0sp e Tetrahedral phase
04 e 20 magnetic order
— quantum spin Hall mass

-t ] iy
— I}J-—\. . -
02k N i e .

Sl

0.1k , F s 4

71" W I
120 phase, 1381 ) stripe phase
0 N 1 \ R L 1 H L

Chiral spin liquid
0 0.05 o1 015 0.2 0.25
), — quantum Hall mass

Global phase dingram and quantum spin liquids in spin-1 /2 triangular antiferromagnet

Shou-Shu Gong', W Zhu?, 1-X. Zho? ", D N, Sheng’, and Kun Yang”

Similar story on Kagome
(I le, et, al; Ran, et, al; Xiang, et, ;1])
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Numerics on Triangular/Kagome

U(1) Dirac spin liquid naturally related to:

(d)

0sp e Tetrahedral phase
04 e 20 magnetic order
— quantum spin Hall mass
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Global phase dingram and quantum spin liquids in spin-1 /2 triangular antiferromagnet

Shou-Shu Gong', W Zhu?, 1-X. Zho? ", D N, Sheng’, and Kun Yang”

Similar story on Kagome
(I le, et, al; Ran, et, al; Xiang, et, ;1])
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Consequence for Dirac spin liquid

® Spin liquid phase: Dirac fermions massless, no magnetic order
* Monopoles still important as critical fluctuations

e Consequences: spectral weight at nontrivial momentum...

Recently observed numerically
Ferrar, Becca; He et. al (unpublished)
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