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Landau theory
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Deconfined criticality

SU(2)-to-U(1) transition:

slime = (I11) — [11))/v2

SU(2) Néel order U(1) valence bond Non-thermal

solid order tuning parameter
... driven by defects

[Senthil et al., Science '04]
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SU(2)-to-U(1) transition:
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Deconfined criticality

SU(2)-to-U(1) transition:

slime = (I11) — [11))/v2

SU(2) Néel order U(1) valence bond Non-thermal

solid order tuning parameter
... driven by defects

[Senthil et al., Science '04]

. Scenario very - beautiful, but . ,W
Effective field theory |

.. quite complex |

where D, = 8, — ia,| " VETY specific ‘

P
l
[ ‘probably not realized
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Luttinger semimetals

Material realizations:
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a-Sn, HgTe RolroO7 (R = Pr, Nd)

[Witczak-Krempa et al., Annu. Rev. Cond. Mat. Phys. '14]
[Armitage, Mele, Vishwanath, RMP 18]
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Luttinger semimetals

Material realizations: Low-energy spectrum:
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[Witczak-Krempa et al., Annu. Rev. Cond. Mat. Phys. '14]
[Armitage, Mele, Vishwanath, RMP 18]
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Pyrochlore iridates R2Ilr.07

Electrical transport:
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[Matsubhiro et al., JPSJ '11]



Pyrochlore iridates R2Ilr.07

Electrical transport: Phase diagram:
107 d o 250__ © optical gap
i 1 & Soub ™ LAB
106 £ 7 @ REXScrystal semimetal
- 1 <> REXS powder
; 2004 X pSR
105: ] Y Torque - cooperative paramagnet regime
— 2 | semiconductor
g : P 1 Lu & /
\ < 150 M Er Ho Y
= 104 | ~ 0 a9 of '23’ Gd |
RS i g 1 Ey b o ‘.l: 521 "
>, [\ + | o
E 105\ § 100 — %
% E 5 |
402, — .
- N ] >0 Nd
107 z _ &
E Pr : .
; ) | order unknown Weyl phase AFM Q=0 Pr
100 v 0 — O

1 1 | 1 1 | 1 | 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | | | | | | | |
0 50 100 150 200 250 300 098 100 102 104 106 108 110  1.12
Temperature T (K) R>* ionic radius r (A)

[Matsuhiro et al., JPSJ '11] [Terilli et al., Nat. Commun. '25]
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Lattice model

Hamiltonian:

[Witczak-Krempa et al., PRB '13]
[Witczak-Krempa et al., Annu. Rev. Cond. Mat. Phys. '14]
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Lattice model

Hamiltonian:

Mean-tfield phase diagram:

I-AF
(AIAO)

U/t

M-AF

-0.3 0

[Witczak-Krempa et al., PRB '13]
[Witczak-Krempa et al., Annu. Rev. Cond. Mat. Phys. '14]
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Effective field theory

spherical harmonics (d.) = (vV/3p, P2, V3pxpz, V3PxPy, ?(Pﬁ — P)z/) %(2135 —p; - P)Z/)

Luttinger Lagrangian: (52) = (+. .+, = )

cubic anisotropy § € [—1, 1]

»CO — ¢T (6'7' + Z(l =+ Saé)da(iv)'Ya) ¢ g
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Effective field theory

spherical harmonics (d.) = (vV/3p, P2, V3pxpz, V3PxPy, ?(Pﬁ — P)z/) %(2135 —p; - P)2/)

(s;) =(+,+,+,— —)

Luttinger Lagrangian:

cubic anisotropy § € [—1, 1]

[10 — ¢T (aﬂ' =+ Z(l - Saé)da(iv)')'a) "/} g

Contact interaction:
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Hubbard-Stratonovich transformation:
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Effective field theory

spherical harmonics (d.) = (vV/3p, P2, V3pxpz, V3PxPy, ?(Pﬁ — P)z/) %(2135 —p; - P)2/)

(s;) =(+,+,+,— —)

Luttinger Lagrangian:

- [5] =0 cubic anisotropy 6 € [—1, 1]
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Luttinger-to-Weyl transition

Mean-field phase diagram:

- AIAO Weyl
semimetal

8°/r)[A™]

. [Moser & LJ, PRB '24]



Luttinger-to-Weyl transition
Mean-field phase diagram: RG flow (r = 0):
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. [Moser & LJ, PRB '24]



Luttinger-to-Weyl transition
Mean-field phase diagram: RG flow (r = 0):

(&°/r)[A]
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Quantum phase diagram:
A nonuniversal e —VvZ
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Coulomb interaction

L lan: 1
agrangian [:a _ 5(va)Q + Iea¢T¢
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Coulomb interaction

L lan: 1
agrangian L. — E(Va)z n iean/ﬂz/z

Small-gap semiconductor

. p(¢)

. e
Coulomb potential: V x —

€r

T

Effect of interaction:  Excitonic instability for

A< E. = 713.6eV

T €2myg
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Coulomb interaction

Lagrangian: 1
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Small-gap semiconductor
EF
=
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Effect of interaction:  Excitonic instability for
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Marginal screening

Thomas-Fermi:
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Marginal screening

1 .
Thomas-Fermi: V(g) = — with p(q) o« Nm*/2/|e(q)| < Nml|q|
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Marginal screening

1 .
Thomas-Fermi: V(g) = — with p(q) oc Nm*/2\/|e(q)| oc Nmlq|
47re? | p(q)
= v * th a ~ O(1
2Nm|q| = (r) ~ 2N mr? with & ~ O(1)

Exciton Schrodinger eqn:

( *  le+1) o )wexc(r)zzmeffE\Uexc(r)

or2 r2 N r?
Scale invariance: r— pr with g >0
Spectrum:
1o 1.
o N < 7 No bound states
e 2 > 2: Bound states (regularization required)

[Landau & Lifshitz vol. 3, '77]
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Marginal screening

1
Thomas-Fermi: V(qg) = p
4t e? | p(q)
o
2Nm|q|
. .. 0° L+ 1) o
Exciton Schrodinger eqn: ( 5,2 = P
Scale invariance: r— Br with 8 >0

Spectrum:
o 1.
e & < 7: No bound states
e 2 > 2: Bound states (regularization required)

[Landau & Lifshitz vol. 3, '77]
23

with p(q) oc Nm*/?\/|g(q)| o< Nml|q

= V(r) ~

~ with o ~ O(1)

2N mr?

) wexc(r) — 2mefFEWexc(r)

—>

N-dependent
excitonic instability

[LJ & Herbut, PRB '16]



Luttinger-Abrikosov-Beneslavskii state
RG flow (8§ = 0):

de?

= (4 — d)e* — Ne?
dnp ~ (4 d)e— Ne

[Abrikosov, JETP '74]
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Luttinger-Abrikosov-Beneslavskii state

RG flow (8 = 0): de?
d

de?
dinb

= (4 — d)e* — Ne’

[Abrikosov, JETP '74]
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Luttinger-Abrikosov-Beneslavskii state

RG flow (6 = 0): de’
d
ddlrc;zb = (4 — d)e* — Ne?
[Abrikosov, JETP '74]
Non-Fermi liquid:
Cy oc T9/* with d = 3 and z ~ 1.8

o(w, T) Tl/z]:(w/T)

[Moon, Xu, Kim, Balents, PRL '13]
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Excitonic instability

Lagrangian:

LW(&

2 (1

550)d.(—i1V)y;

25

iea) ()




Excitonic instability

Lagrangian: genera ted by RG

L=y (GT > (1+ 526)da(—iV)7, iea) Y+ 5(Va)’ ZGf(¢TM;¢)z

PO

RG flow:

dinb
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Flow diagram

[LJ & Herbut, PRB '17]



Flow diagram

[LJ & Herbut, PRB '17]
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Flow diagram

[LJ & Herbut, PRB '17]

28



Flow diagram

T

Ground state:

Luttinger semimetal Nematic topological insulator [LJ & Herbut, PRB '17]
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Pyrochlore iridates

Full model: 1

5
L = ¢T (av' T Z(l T Saé)da(_iv)')'a T iea) Y+ i(va)2
a=1

r
2

5 5
| 1’22 Z (Pi + &2 Z (Pa“/}T'Yaz/}
a=1 a=1

¢2 81 ¢1/1T”Y451/1

[Moser & LJ, Rep. Progr. Phys. '25]
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Pyrochlore iridates

Full model: 5 !
L = 7“/}T (67- =+ Z(l T Saé)da(_iv)')'a T iea) Y+ 5(Va)2
a—=1
r
5 ¢2 g1¢1/}T’Y451/1
. 5 5
2
| p Z (Pi T 2 Z (Pa“/}T'Ya“/}
a—=1 a—=1
Mean-tield phase diagram: 1 N = o (6a) & (9) [A¥]
0.4 0.3
0.3
0.2
0.1
0.1
0 0
1 2 X 3
G, i [Moser & LJ, Rep. Progr. Phys. '25]



Dynamical bosonization

Fermion box diagrams:

>

>

4 ¢ ) ¢ ) ¢
| | | |
| | | |
| | ! |
| | | !
| | | |
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<

>

[Gies, Wetterich, PRD '02]
[Pawlowski, Ann. Phys. '07]
[Floerchinger, Wetterich, PLB '09]
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Dynamical bosonization

Fermion box diagrams:

> ¢

(g2 + 882) Pt vah + /

30
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ki,ko, k3, wi,w2,w3

5G2(¢T'Ya¢)2

[Gies, Wetterich, PRD '02]
[Pawlowski, Ann. Phys. '07]
[Floerchinger, Wetterich, PLB '09]




Dynamical bosonization

Fermion box diagrams:

>

> 4 ) 4
| |
| |
| |
| |
| |
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<

'

Nematic channel:

- —

ki,ko, k3, wi,w2,w3

Sc = /;2 §(r2 +6r) @5 + [ ) (&2 +082)pa ¥ V.9 + / §Ga(PTya9)?
w k1,ko,w1,w?2

0G
Scale-dependent Hubbard-Stratonovich: Pa = P, - VAR

g2 ... cancels 4-fermion term

[Gies, Wetterich, PRD '02]
[Pawlowski, Ann. Phys. '07]
[Floerchinger, Wetterich, PLB '09]
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Dynamical bosonization

Fermion box diagrams:

| | é | E % ) % § | § § ) §
Nematic channel: L o™

S5 = [ 5(”2 + 5”2)(.02 =+ /; _ (gz + 5g2)(Pa¢T'Ya¢ =+ [ L 5G2(¢T'Ya¢)2

k,w kl,kz,wl,wz kl,kg,k3,w1,w2,w3
. G- ;
Scale-dependent Hubbard-Stratonovich: O, Qs - (Y'v,9) o
2 ... cancels 4-termion term
. _ dg2 _ 65G2

Modified Yukawa-coupling flow: dInb|y pos 2310 b e et PRD 02

[Pawlowski, Ann. Phys. '07]
[Floerchinger, Wetterich, PLB '09]
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Point-like limit (r — oo with G; = g//r; fixed)
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Point-like limit (r;i = oo with G; = g?/r; fixed)

N =2
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Point-like limit (r — oo with G; = g//r; fixed)

N = 1.91
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Point-like limit (r — oo with G; = g//r; fixed)
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Dynamically bosonized RG flow

N =10 (pa) &{(P) | AV ]

0.4 0.3

0.3
0.2

0.2

0.1

... identified by scale fRy,
at which r; or r» vanishes,

(¢) ~ exp(—2tRr)
[Moser & LJ, Rep. Progr. Phys. ’25]

... with G1,2 = g12’2/l’1,2 in units of A1
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Dynamically bosonized RG flow

N =2 (pa) &{(P) | AV ]

0.4 0.3

Nematic 0.3
0.2

0.2
0.1

... identified by scale fRy,
at which r; or r» vanishes,

(¢) ~ exp(—2tRr)
[Moser & LJ, Rep. Progr. Phys. ’25]

... with G1,2 = g12’2/l’1,2 in units of A1
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Dynamically bosonized RG flow

N =1 (pa) &{(P) | AV ]

0.4 0.3

0.3

Nematic 0.2

0.2
0.1

... identified by scale fRy,
at which r; or r» vanishes,

(¢) ~ exp(—2tRr)
[Moser & LJ, Rep. Progr. Phys. ’25]

... with G1,2 = g12,2/l’1,2 in units of A1
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Critical behavior

Order parameters:

R |1 10_6 I R |1
0.001 0.01 0.05 0.001 0.01 0.05

Gic — G1 [N 1] Gy — Gic [N71]

[Moser & LJ, Rep. Progr. Phys. "25]
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Critical behavior

Order parameters: Finite-temperature phase diagram:

| L 1 I 1] | || 10_6 | L 1 I Il]] | ||
0.001 0.01 0.05 0.001 0.01 0.05 -0.05 0

Gic — Gy [N71] Gi1 — Gic [N71] Gi1 — Gic [N71]

... asymmetry in energy scales!

[Moser & LJ, Rep. Progr. Phys. "25]
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Outline

> Dirac spin liquids
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Triangular-lattice antiferromagnet

H = leS —I—JzzS

P

Hamiltonian:
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Triangular-lattice antiferromagnet

H = leS —I—JzzS

P

Hamiltonian:

Phase diagram:

A Dirac SL? N

~0.08 ~0.15

Wietek et al., PRX '24
J / J [ ]
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Triangular-lattice antiferromagnet

H = leS +JQZS

P

Hamiltonian:

Phase diagram:

A Dirac SL? N

[Wietek et al., PRX '24]
~0.08 ~0.15 22/
Dynamical structure factor
Effective field theory: e " I
1 | I 7
L = 1/}7“’(6 —ieay )y + e QED;

[Willsher & Knolle, arXiv:2503.13831]
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Triangular-lattice antiferromagnet

Hamiltonian:

(ij) Kij))
+Ja > (S S)(Sk- 1)+ (Si- S)(Sj - Sk) — (Si - Si)(S - S)
(ijkl)
[Cookmeyer et al., PRL '21]
Phase diagram:
A Dirac SL? N
[Wietek et al., PRX '24]
~0.08 ~0.15 2/
Dynamical structure factor
Effective field theory: e " I
1 _ | &
L = Yy* (8, — |eap,)1/J+ e QED;

[Willsher & Knolle, arXiv:2503.13831]
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Triangular-lattice antiferromagnet

Hamiltonian:

(iJ) {ij»
+Ja > (S S)(Sk- 1)+ (Si- S)(Sj - Sk) — (Si - Si)(S - S)
(ijkI)
[Cookmeyer et al., PRL '21]
Phase diagram:
[Wietek et al., PRX '24]
~0.08 ~0.15 J2/ 1
Dynamical structure factor
Effective field theory: e " I
1 _ 1 &
L = Yy* (8, — |eap,)1/J+ e QED;

[Willsher & Knolle, arXiv:2503.13831]
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Triangular-lattice antiferromagnet

Hamiltonian:

(iJ) {ij»
+Ja > (S S)(Sk- 1)+ (Si- S)(Sj - Sk) — (Si - Si)(S - S)
(ijkI)
[Cookmeyer et al., PRL '21]
Phase diagram:
[Wietek et al., PRX '24]
~0.08 ~0.15 J2/ 1
Dynamical structure factor
Effective field theory: e " I
1 _ 1 &
L = Yy* (8, — |eap,)1/J+ e QED;

— G1(yy)°

[Willsher & Knolle, arXiv:2503.13831]
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RG flow

Charge:

— (4 — D)e?
inp )e g
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RG flow

Charge:

= (4 — D)e? e

dinb

Four-fermion interactions:

[,¢ — —Gl(’l/;‘lll)z — G2("/;'Yu"/j)2
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RG flow diagram

42

[Kubota & Terao, Progr. Ther. Phys. '01]

[Braun, Gies, LJ, Roscher, PRD '14
[Herbut, PRD '16]




RG flow diagram
N=N.~ 12

NN
NS

i

~-1.5 0 1.5 [Kubota & Terao, Progr. Ther. Phys. '01]
° ' [Braun, Gies, LJ, Roscher, PRD ’14]
G, [Herbut, PRD '16]

43



RG flow diagram
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RG flow diagram
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1.5 [Kubota & Terao, Progr. Ther. Phys. '01]
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Ground state:

cQEDs3 Flavor symmetry breaking
4 (confinement)



Schematic phase diagram (N < N_)
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[Moser & LJ, Rep. Progr. Phys. '25]
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Outline

(4) Conclusions
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Conclusions

Order parameter

N > N¢

Disorder | Order 1

Tuning parameter
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Order parameter

/

N < N¢

Order 1

Tuning parameter

[Moser, LJ, arXiv:2412.06890]






Spin-boson model

Spin-1/2 in fluctuating field:

Hspin—boson — gxy(hXSX T hySy) + gZhZSZ + 7_lbu|k(ﬁ)

with (T-h?(T)h"(0)) o

5ab

72
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[Sengupta, PRB '00

[Zhu, Si, PRB ’02]
[Zarand, Demler, PRB '02]
[Weber, Vojta, PRL 23]
[Weber, arXiv '24]
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RG flow diagram

Quantum Monte Carlo:

e = 0.3

arXiv '24]

[Weber,

S:

.. consistent with predictions!
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QCD4 plus 4-fermion interactions @bz

Lagrangian: .
Yy Dt + S FEYFL + 5 ZG Oc

in Veneziano limit Neojor, Nfiavor — 00 with fixed x = Nfjavor /Neotor

= (v, ¥?)” + (PPyurs9?)”
02 — (zﬁa¢b)2 — (1/33’)’51/!b)2 [Gies, Jaeckel, Wetterich, PRD '04]

[Gies, Jaeckel, EPJC '06]
[Braun, JPG "12
[Gukov, NPB ’17]
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QCD4 plus 4-fermion interactions @52

Lagrangian: .
Yy Dt + S FEYFL + 5 ZG Oc

in Veneziano limit Neojor, Nfiavor — 00 with fixed x = Nfjavor /Neotor

= (v, ¥?)” + (PPyurs9?)”
02 — (zﬁa¢b)2 — (1/33’)’51/!b)2 [Gies, Jaeckel, Wetterich, PRD '04]

[Gies, Jaeckel, EPJC '06]
[Braun, JPG "12
[Gukov, NPB ’17]

Tree-level scaling:

Ga uge cou pl | ng [g] — O marginal ... marginally relevant (asymptotic freedom)

4-termion couplings [G1,2] — —2 irrelevant
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RG flow diagram
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RG flow diagram
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RG flow diagram
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