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(Strong) interactions can lead to emergent quasiparticles
with ‘fractional’ quantum numbers
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Fractionalization in magnetic systems
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Resonating Valence Bond liquid:
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e short-range dimer correlations
e no magnetic order
e gapped, deconfined spinon excitations — spin 1/2
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* tri-coordinated

* Inversion symmetric

e preferred direction

* synthesized by - H. Takagi arxiv:1403.3296
- J. Analytis arxiv:1402.3254
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Exchange frustration on the hyperoctagon lattice

— Z o0 o) — Z Jyoio, — Z J.o5 0%

x-bonds y-bonds z-bonds

3D generalization of Kitaev’s honeycomb model



Spin fractionalization and Majorana fermions
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Spin fractionalization and Majorana fermions
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* Bond operators u, = ia; a
realize an emergent 7 gauge field
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A. Kitaev, Annals of Physics 321, 2 (2006)
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/> gauge field 1s static due to presence of additional conserved quantities
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Physics of the Z, gauge field

/> gauge field 1s static due to presence of additional conserved quantities

Six fundamental loop operators (per unit cell) W, = H ool
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conserved quantities
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loop operators define closed Z; flux loops — no monopoles
only two loop operators per unit cell are linearly independent
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“spinons” (static and gapped)
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Hilbert space split into two separate sectors: oN _ oN/2 o 9N/2
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Majorana fermions c; flux loops “visons”
“spinons” (static and gapped)



The phase diagram

Jz

gapped spin liquid

Jr +Jy + J, = const.

gapless spin liquid
with Majorana Fermi surface



Majorana Fermi surface

gapped spin liquid

Jp + Jy + J, = const.

energy E(K)

gapless spin liquid r P N H r N P H
with Majorana Fermi surface momentum K
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Majorana Fermi surface

energy E(K)




Majorana Fermi surface 1n gapless region

y E(K)

J, = 0.42
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static spin correlation functions (07" (
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Different 3D gapless spin liquids can be experimentally
distinguished by measuring the specific heat coefficient C(T)/T
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Thermodynamics

static spin correlation functions (0" (7)o f

Bond-energy correlation functions (13.,(0)

exhibit algebraic divergence at spinon Fermi surface (B, = o
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Symmetries in Majorana Systems
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Particle-hole symmetry € (k) — —¢€ ( — k) N

Sublattice symmetry € (k) — _E(k — kO)

Ko is the reciprocal lattice vector of the translation
vector of the sublattice




Symmetries in Majorana Systems

! Particle-hole symmetry | €(k) = —e(—k) \
Sublattice symmetry € (k) — —E(k — ko)
Time-reversal symmetry | €(k) = e(—k + ko)
Inversion symmetry e(k) = e(—k + ko)
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Ko is the reciprocal lattice vector of the translation
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Symmetries «<» Fermi surface
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Particle-hole symmetry e(k) = —e(—k)
Time-reversal symmetry e(k) = ¢(—k — kg)
Inversion symmetry e(k) = e(—k — k)
ko = 0: honeycomb / hyperhoneycomb ko # 0: hyperoctagon

particle-hole symmetry at every k point
doubly degenerate zero-modes at same k
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stable zero-mode manifolds are separated
points (2D) and lines (3D)



Symmetries «<» Fermi surface

Inversion symmetry e(k) = e(—k — k)

ko = 0: honeycomb / hyperhoneycomb ko # 0: hyperoctagon
particle-hole symmetry at every k point generic band hamiltonian at given k
doubly degenerate zero-modes at same k zero-modes are at different k
h(k) — X T 13* ) 0 A
h(k) =

J Af 0

protected by time-reversal

stable zero-mode manifolds are separated stable zero-mode manifolds are lines
points (2D) and lines (3D) (2D) and surfaces (3D)
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Center of Majorana Fermi surfaces are
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P-wave pairing instability on the
hyperoctagon lattice

Center of Majorana Fermi surfaces are
high-symmetry points defined by Ko/2

K1/2 = (m,m, £m)

Time-reversal symmetry: €(q + K;) = e(—q + K})

v

p-wave pairing instability in effective spinless Fermion model
(broken translation symmetry)
relevant for additional nearest-neighbor Heisenberg coupling



Breaking time-reversal symmetry

external magnetic field in (1,1,1)-direction
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external magnetic field in (1,1,1)-direction

Herp=—J Z 0}02 — K Z 0}”‘0507 o 3
<j,l7k>

v—bond

Breaking TR stabilizes Fermi surface



Breaking time-reversal symmetry

external magnetic field in (1,1,1)-direction

Herp=—J Z a}a,Z—li
—bon (

a B v
95 9k e B
)

y—bond 7L,k

Breaking TR stabilizes Fermi surface Breaking TR reduces line to pair of Weyl nodes



Weyl nodes and Weyl semi-metals

Touching of two bands in 3D i1s generically linear
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Touching of two bands in 3D i1s generically linear

3
H:UO-Q'IL—FZﬁj-q_’Oj Weyl nodes
i=1

Weyl nodes are sources/sinks of Berry flux
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Wan etal., PRB 83, 205101 (2011)




Weyl nodes and Weyl semi-metals

Touching of two bands in 3D i1s generically linear

3
H:ﬁg-cfll—FZﬁj-q_’aj Weyl nodes
i=1

Weyl nodes are sources/sinks of Berry flux

— —

B (k) = Vi x (i(n(k)|Vg[n(k)))

with chirality sign[t - (T X ¥3)]

here: Weyl nodes pinned at zero energy!

v

unusal surface states: Fermi arcs

topological semi-metal with protected surface states
(metallic cousin of the topological insulator)

Fermi arc
Surface BZ

bulk BZ
k ks

Wan etal., PRB 83, 205101 (2011)
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Breaking time-reversal symmetry

external magnetic field in (1,1,1)-direction

Herp=—J Z a}ag — K Z a;?‘a,fa? o 3
+>bond R

Breaking TR stabilizes Fermi surface Breaking TR reduces line to pair of Weyl nodes
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Summary

(Strong) interactions can lead to emergent quasiparticles
with ‘fractional’ quantum numbers

Spln.llquld Wltl.l emergent Spin llguld with ?n.lergent Weyl spin liquid
spinon Fermi surface spinon Fermi line
Majorana Metal < » Majorana semi-metal

How big 1s the zoo of Majorana metals?

M. Hermanns and S. Trebst, PRB 89, 235102 (2014)
M. Hermanns, K. O’Brien, and S. Trebst, in preparation



