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Magnetic frustration
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Magnetic frustration

Antiferromagnetic interaction:

Hij = JS7S7

Frustration:

Incompatible interactions

New states of matter
with exotic excitations?
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(2) Kitaev spin-1/2 model




Kitaev spin-1/2 model

Hamiltonian:
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<ij>y <ij>z [Kitaev, Ann. Phys. '06]

... €an arise in material with strong spin-orbit coupling
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Kitaev spin-1/2 model

Hamiltonian:
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Majorana fermions:
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Kitaev spin-1/2 model

Hamiltonian:

H=K Za?‘aj‘—l—Zaﬁ/aj/—l—Zaizaf
(iJ)x

<ij>y <ij>z [Kitaev, Ann. Phys. '06]

... €an arise in material with strong spin-orbit coupling

Majorana fermions:

C1 -— a+aT,

Co .= (—I)(a — aT), ... “real” fermions
C1c2 = —C2(y,
CI = (1, Cg — (9,

c?=ct={aat=1



Kitaev spin-1/2 model

Hamiltonian:

H=K ZO';(O'J)-(—I—ZO'?/G}/—I—ZO';ZO'J-Z
(iJ)x

<ij>y <ij>z [Kitaev, Ann. Phys. '06]

... €an arise in material with strong spin-orbit coupling

Majorana fermions: Representation of single spin:
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Spin 4 Majoranas



Kitaev spin-1/2 model

Hamiltonian:

H=K ZO’XO'X—I—ZO'yO'y—I—ZO'

(i))y (i) [Kitaev, Ann. Phys. '06]

... €an arise in material with strong spin-orbit coupling

Majorana fermions: Representation of single spin:
‘ G
Cl::a+aT, — |b"c ©
. — Y
Co .— (_|)(a — aT), ... “real” fermions = 1b’c
o — 0° = 1b°c
C1C = —(C2 (1 ... with dimH =2 and dimH = 4

CI:Cl, C;L:CQ, ‘ @

C12:C22:{a,aT}:]l | — C@

Spin 4 Majoranas



7, gauge constraint

Projection:
Spin 4 Majoranas

‘€> - H C 7:2 N— D‘£> — ‘€>, [ — bbebZC with gauge constraint

... with DY =D and D? =1
& 7, gauge transformation



/> gauge

Projection:

Spin algebra:

constraint
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. 7 gauge transformation
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4 Majoranas
with gauge constraint

.. withDt=Dand D? =1

... SpIn IS gauge Invariant



7> gauge constraint

Projection:
Spin 4 Majoranas

‘€> - H C 7:2 N— D‘€> — ‘E>, [ — bbebZC with gauge constraint

... with DT =D and D?> =1
. 7> gauge transformation

Spin algebra:

~ X
[0' , D] — O ... Spin is gauge invariant

(6%)" = (ib*c)" = 62, a=2X,Y,2Z
(6%)* = i*b*ch%c = 1

5%5Y6% = iPb*cb’cb’c = ib*b b*c = iD

... spin algebra preserved on gauge-invariant states



Gauge-theory representation

Representation of lattice model:
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Gauge-theory representation

Representation of lattice model:

oF = o = ib?‘C,', D,' — bxb)-/b-ZC,'

/ / / / /

Lattice gauge constraint:
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Gauge-theory representation

Representation of lattice model:
0'? — 5'? — ib?C,', D,' — bf‘bf/b,zc,
Lattice gauge constraint:

&) € H & Di|§) =1¢&) Vi=1,..., N

Hamiltonian:

5'?“1? — (ib?C/)(ibf‘Cj) = — (Ibfxbja) CiCj
N\ —
:Zﬁ;j:ﬁij
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Gauge-theory representation

Representation of lattice model:
o — 0% = ib%c;, D; = bX*b; b} ¢

Lattice gauge constraint:

e o Di§)=[§) Vi=1,...,

Hamiltonian:

5'?‘5'(-)‘ — (ib;xC,')(ibJ(-ij) = — (ib?‘bq) CiCj

J
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Static gauge field

Hamiltonian:

H=—iK Z Ui CiC; /> gauge theory with Majorana fermions”
(ij)
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Static gauge field

Hamiltonian:

H=—iK Z Ui CiC; /> gauge theory with Majorana fermions”
(ij)

/> gauge field:

ujj = x1 eigenvalues
[, i) = [ibZ bR, ibh 5] = 0

[0,'j, /:/] = IK Z [ﬁ,’j, l/l\,'/j/C,'/Cj/] — 0

(') ) e

... static gauge field, ujx good quantum numbers
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Majorana spectrum

Simultaneous diagonalization:

Hu — 1K E Uijj CiCj

(if) e

with Ujj = =
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Majorana spectrum

Simultaneous diagonalization:
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Lieb theorem (ground state):
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Majorana spectrum

Simultaneous diagonalization:

I:Iu — 1K Z UijjCiCj with Ujj = +1

(if) e

Lieb theorem (ground state):

[Lieb, PRL '94]

uij =+1 V(i,j) = translation invariance

... up to gauge redundancy

Majorana spectrum:

“1/2" of graphene!
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Kitaev-Heisenberg spin-1/2 model gt e

Hamiltonian:

H = KZO'?O’?—I—JZ&);-EJ
(ij) (ij)

... possible relevance to a-RuCls, NazlrOs3, NaxCozTeOeg, ...
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Kitaev-Heisenberg spin-1/2 model

Hamiltonian:

H:KZU?J?+J25;-5J
(if)

Phase diagram:

(iJ)
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... possible relevance to a-RuCls, NazlrOs3, NaxCozTeOeg, ...

J=Acosp
K = 2Asinp

... from 24-site ED: [Chaloupka, Jackeli, Khaliullin, PRL '13]



Teical callnge: yna | ae fi

... ho sign-problem-free QMC available: [Sato & Assaad, PRB ’'21]
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(3) Kitaev-Heisenberg spin-orbital model
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Beyond Kitaev spin-1/2

Spin-orbital generalization:

0% 2X2 YV =0"®TP 4x4

[Chulliparambil, et int., LJ, Tu, PRB '20]
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Beyond Kitaev spin-1/2

Spin-orbital generalization:
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y O,
l > b/ o
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Spin 4 Majoranas

Spin + orbital 6 Majoranas

with gauge constraint with gauge constraint
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15



Kitaev spin-orbital models

Hamiltonian:
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Kitaev spin-orbital models

Hamiltonian: Spin-orbital representation:

v =0Y QT — ib*c

H =
v =0Y QT — ib’c
v =0 Q1% — ib’c
Y =0"®1 — ib*c
— iKY 0 (cicj + b b} + b7 b?) Y =0"®1 —ibc

(if) e

Spin + orbital 6 Majoranas
with gauge constraint
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Kitaev spin-orbital models

Hamiltonian: Spin-orbital representation:

L — oV @ 17° — ib*c

2oV T — ibc

gl
gl

v =0 Q1% — ib’c
Y =0*®1 — ib'c
gl

—iK ) by (cig + bibf + b7 b}) *=0"®1 —ibc

(i)
Gauge constraint:

€) € H & D[¢) = |§), D = ib*b’ b*b*b°c

Spin + orbital 6 Majoranas
with gauge constraint
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Gauge-theory representation
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Gauge-theory representation

Ground state:

ﬁinuijEl I:> /:/u:iKZCI- C

[Lieb, PRL '94] Cj
. 4
with ¢; = (bj )
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Gauge-theory representation

Ground state:

Uij — ujj =1 — >

[Lieb, PRL '94]

Majorana spectrum:

“3/2" of graphene!




Kitaev-Heisenberg spin-orbital model

Hamiltonian:

H=K> & &t +JY 6511,
(i) (iJ)
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Kitaev-Heisenberg spin-orbital model

Hamiltonian:

H=K) ¢ -¢®tmir+J) &6 @11, ﬂ_
(i) o e e (if) 3 itinerant fermions

— ﬁ,‘jC,TCJ'
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Kitaev-Heisenberg spin-orbital model

Hamiltonian:

H=K> & &t +JY 6511,

3 itinerant fermions

— {j;c; ¢ — %(C,TEC,') - (cJ-TEcJ-)

with [d;;, H] = O still static!
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Kitaev-Heisenberg spin-orbital model

Hamiltonian:

H=K> & &t +JY 6511,

>Pin-g S .
O ) (1) e Matrices 3 itinerant fermions
AT 1/, T7 T
— UjjC; Cj — Z(Ci LC,') - (Cj LCJ')

Phase diagram:
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Fractionalized fermionic quantum criticality
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Effective field theory

Gradient expansion:

S = /d2>?d7'

IV 0u + 86 P(1 @ D)y

20

“Gross-Neveu-SO(3)"



Effective field theory

Gradient expansion:

S — /d%?dq- _z/}y“'a“m/; + g0 - Y1, ® E)z/J “Gross-Neveu-SO(3)"

Wetterich equation: O R,

I+ Ry

1
akrk — 5 STr

[Gies, Lect. Notes Phys. '12]
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Effective field theory

Gradient expansion:

S = /d%?dq- Py +g@ - P(1, ® L)y “Gross-Neveu-S0(3)”
A
Wetterich equation: 1 0. R
Okl = 5 STr —r—
Eﬂ.'ective aCtiOn (LPA’) [Gies, Lect. Notes Phys. '12]

1

'k = /dzHX Zy kYO + EZw,k(auQB)z — k@ - YL + Uk(e)
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Fractionalized Gross-Neveu-SO(3) criticality

Correlation length exponent: Anomalous dimension:
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Fractionalized Gross-Neveu-SO(3) criticality

Correlation length exponent: Anomalous dimension:
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Sign-problem-free bilayer model

Hamiltonian:

L 2
H = —tz c,-T/\CJ-A — JZ (CI];\L’DZ\XCI-X)

<’J> i ... with SO(3) x Ux(1) x Uc X Zy symmetry
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Sign-problem-free bilayer model

Hamiltonian:

L 2
H = —tz c}:\cj;\ — JZ (CI&LT)Z\XCI-X)

(iJ) /

QMC structure factors:

... with SO(3) x Ux(1) x Uc x Zy symmetry

~ (cfLc) “SO(3) semimetal”

45 | 7 ] '
Sso(3)(1_1) SU(l);(F) ]L;g -

30 L=4 A =8 —@—
L=6 +a— L=10 —@—
L=8 r—a—

~

CI (8

) “interlayer coherence”




Sign-problem-free bilayer model

Phase dlagram: Symmetric semimetal SO(3) semimetal
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Sign-problem-free bilayer model

Phase diagram:

Symmetric semimetal SO(3) semimetal
© < ©
-7 °23
O O
“Spin-orbital liquid” Je1 “SO(3) Kitaev liquid” Je2 “Gapped liquid”
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Sign-problem-free bilayer model

Phase diagram:

Symmetric semimetal SO(3) semimetal
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& O
Spin-orbital liquid cl SO(3) Kitaev liquid c2 Gapped liquid
Fermion spectral 7=0.30 W 7=0.70 7=1.10
6. - -

function:
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Gross-Neveu-SO(3) transition at /1

Scaling collapse: L=p=6 ~—x—1 L=P=9 r—v— L=p=12 —=— L=p=I5 L=B=18 &
0.8 15
0.6 N
2 S
> 04 510
S il
0.2 2,
0 5
06-03 0 0.3 0.6 06-03 0 0.3 0.6
oy IV N VAY,
JL JL

[Liu, Vojta, Assaad, LJ, PRL '22]
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Gross-Neveu-SO(3) transition at /1

Scaling collapse: L=f=6 —— L=p=9 —— L=fi=12 —=— L=p=I5 L=p=18 —o—
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D 3
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0 5
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g IN .
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c=3 —H—— O 9 c=3 —H—
T c=6 —&— N c=6 —&—
3
3 0.8
_e_
T 07
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0 0.06 0.12 0.18 e 0 0.06 0.12 0.18 [Liu, Vojta, Assaad, LJ, PRL ’'22]

1/L . 1/L [Liu, Vojta, Assaad, LJ, in preparation]



SO(3)-U(1) transition at /..
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SO(3)-U(1) transition at /..
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SO(3)-U(1) transition at /..

Competing orders: gii 999
o
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—— > Metallic deconfined quantum critical point!

28 [Liu, Vojta, Assaad, LJ, PRL "22]



Outline

(4) Conclusions
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Conclusions

v = 3 Kitaev liquid SO(3) semimetal

Gross—Nveu—SO(3)* Metallic deconfined QCP?

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]
[Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB '21]
[Liu, Vojta, Assaad, LJ, PRL '22]
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SO(3)-U(1) transition at J2: Correlation ratios
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SO(3)-U(1) transition at J.2: Spectral functions
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= Single “velocity of light”

= Emergent Lorentz symmetry



Finite-temperature phase diagram
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