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Abstract: In frustrated magnets, novel phases characterized by fractionalized excitations and emergent gauge fields can occur. A paradigmatic
example is given by the Kitaev model of localized spins 1/2 on the honeycomb lattice, which realizes an exactly solvable quantum spin liquid
ground state with Majorana fermions as low-energy excitations. | will demonstrate that the Kitaev solution can be generalized to systems with spin
and orbital degrees of freedom. The phase diagrams of these Kitaev-Kugel-Khomskii spin-orbital magnets feature a variety of novel phases,
including different types of quantum liquids, as well as conventional and unconventional long-range-ordered phases, and interesting phase
transitions in between. In particular, | will discuss the example of a continuous quantum phase transition between a Kitaev spin-orbital liquid and a
symmetry-broken phase. This transition can be understood as a realization of afractionalized fermionic quantum critical point.
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Outline

(1) Fractionalized quantum criticality

(2) Kitaev spin-orbital models

(3) Ciritical fractionalized fermions

(4) Conclusions

Slides available on https://tu-dresden.de/physik/qcm /vortraege
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Deconfined quantum criticalit
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Spin-liquid transitions

{4

Ordered state Quantum paramagnet
[Assaad & Grover, PRX '16]
— > .
T [LJ, Wang, Scherer, Meng, Xu, PRB '20]
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— talk by Z. Y. Meng
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0 J [LJ & He, PRB '17]
[Boyack, Lin, Zerf, Rayyan, Maciejko, PRB '18]
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Example: Kagome-lattice Bose-Hubbard model

Hamiltonian:
H=—tY |blbj+bib]| +V (no)
(i) O
... b hard-core bosons
Phase diagram: Entanglement entropy:  Sp(A) =al—y+ ...

T/t

Topological
spin
liquid
(V/t). v/t B ... in spin liquid phase
g [lsakov, Hastings, Melko, Nat. Phys. '11]
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Quantum critical scaling: XY*

Superfluid density: Two-point superfluid correlator:
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[Isakov, Hastings, Melko, Nat. Phys. "11] k [Isakov, Melko, Hastings, Science '12]
v = 0.67 = vxy N~ 1.49 # nxy ~ 0.038
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Order parameter composite of fractionalized particles!

... cf. 7= 1.54 from field theory
[Chubukov, Sachdev, Senthil, NPB '94]
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Finite-size spectroscopy: Ising vs Ising*

Transverse-field Ising:
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Kitaev spin-1/2 model

Hamiltonian:

H=K z oio; + K Z af’a}’-l—K Z ojof

blue links green links red links
Majorana representation: Fractionalization:

X ot ¢ e X

o = 0" =ib"c S :
H—H=IiK E (ib] b} )cic;

WLy

oy —»a¥=ib -
e = U s Y

o — 6% = ib’c B il

dx

~

with [a,-,-,'H] —0 = static Z, gauge field!

Ground-state flux pattern: u =1
[Lieb, PRL '94]

1 spin 4 Majoranas — talk by N. Trivedi

’ : Kitaev, Ann. Phys. '06
with gauge constraint [Kitaev, Ann. Phys. '06]
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Kitaev-Heisenberg spin-1/2 model

Hamiltonian:
H:KE O‘?O’;’+JE 5",5':,
(i)~ (i)
Phase diagram: K > 0' J=0 ... possible relevance to o-RuCls, Na:IrOs, Na:Co:TeOs, ...

J = Acos¢p
K = 2Asingp
K< 0= ... from 24-site ED: [Chaloupka, Jackeli, Khaliullin, PRL '13]
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*lTechPi_caI challenge: Dynamical 7 gauge ﬁeld!I

... no sign-problem-free QMC available: [Sato & Assaad, PRB '21]
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Kitaev spin-orbital models

Spin-orbital generalization: T l T l
m OO
g 2542 c*@TP =v" 4x4

... can realize all 16 topological 5Cs:
[Chulliparambil, ..., LJ, Tu, PRB "20]

Hamiltonian: 30 = Z -3 ® T;YTJ?’
w wv orbital
Heisenberg spin W (
Majorana representation: o L Fractionalization: \/ =
O'Y®Ty=fb2c:x Hl—)ﬁszZﬁ;jc;er.’
0¥ ® T2 = ib>c* (i)
@1 =ic'c with |2y, L] = 0

O'Z ® 4 = !'CZCX u ... cf. also [Yao & Lee, PRL "11]
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Kitaev-Heisenberg spin-orbital model

Hamiltonian:

Phase diagram:
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Gross-Neveu-SO(3)* transition

iDMRG:

Ahdeh-AAkhod b ohA A d-A-Ad

Effective field theory:
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... on cylinder with L, = 4 unit cells
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Phase diagram:
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL '20]

“Gross-Neveu-SO(3)”

— talk by M. Scherer

[Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB '21]
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Gross-Neveu vs Gross-Neveu*

Gross-Neveu-Z; Gross-Neveu-Z,* (schematic)
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A O ED & (W+2)r 15.0 -
Ll (¥ +d)y
S 4 @W+dr
o ey @ or = 00—
\\\ = \. ;\ f ET x .
TEre See | g
Mo § @or
Ty A #® Chern
__-...__.____0__::\,\ﬁo____©__.__-. i Kekllle _:'::’:rr:’ HATA (2¢)T
== B:::::Z\EI::E:::._ 'wT — Chern
SR i oy _ Kekule
gy O-____\:A\__ ’ - A e S A cr
010 015 020 025
1/VE.
’T"ssmg p Copieg : . -
"GN+ [Schuler, Hesselmann, Whitsitt, Lang, Wessel, Liuchli, PRB '21] ... testable in future simulations
17
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Sign-problem-free bilayer model

Hamiltonian:

. 2
H= —tz chcx — JZ (C’-TALTfXC,-X)

(ij) i

... with SO(3) x Ux(1) x U, x Zy symmetry

QMC structure factors:

~ (c'Lc) “SO(3) semimetal”

]

850(3)(F) e '\'\.;Q SU(l)g(l_‘) L=6
L=4 ‘ \ -8 —@—

30 B \ : L 8 ~ (cqu) “interlayer coherence”
L=6 ra&— L=10 —@—

15
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Sign-problem-free bilayer model

Phase diagram:

Fermion spectral
function:

Quasiparticle weight:
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SO(3)-U(1) transition at Je

Correlation ratios:

Critical couplings:
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[Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]
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Conclusions

Kitaev-Heisenberg spin-orbital model:
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]
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Effective bilayer honeycomb model:
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[Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]
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