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Smoking gun evidence beyond transport?




Smoking gun evidence beyond transport?

Quantized heat transport:
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Outline Part |
“Smoking gun” probes for U(1) spin
liquids with gapless fermions

Peng Rao

1) Spinons in U(1) spin liquids are electrically neutral particles but they develop
Landau levels under physical magnetic fields.

2) These liquids display cyclotron
resonance and magnetisation
oscillations (de-Haas van alphen) and
are an insulators.




Spinon Fermi surface and Composite
Fermi liquid
Spinfull -~ .vW\

Slave-boson neutral fermion /' Boson

l Spinless ﬂw

E|€CJ[I’OH — Cj;"r — f(;‘-"l“b:l‘-“ 4_Charged bOSOﬂ Fermion

EIectron

Composite fermi surface: Spinon fermi surface:
Bosons form Laughlin state: Bosons form trivial Mott insulator:
2 — 4] o
Uy, = 1_[(,7;Z — z;)"e ae
1<J o
Fermion forms fermi sea: Fermion forms fermi sea:
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Spinon Fermi surface

Spinful s ~W

Slave-boson neutral fermion /' Boson

l Spln |eSS EIectron\ ﬂw

EleCtrOn — CT — f(;‘-"l“b:l‘; 4_Charged bOSOﬂ k Fermion J

or

Spinon fermi surface:

Bosons form trivial Mott insulator:

%ﬂ Y (clyero) = (blby) =n € Z

Fermion forms fermi;ea:i Z <C;[0 Cra> — Z <f;f0 fra> — n odd

N e L EF

Simplest case: electrons in half-filled lattice



Spinon Fermi surface

Spinful e .WV\

Slave-boson neutral fermion Boson

)
Spinless
— f;rb;‘; EIectron ﬂw

“— charged boson Fermion

Electron — ¢

Simplest case: electrons in half-filled lattice

Spinon fermi surface:

Bosons form trivial Mott insulator: spinon
Compact U(1) gauge field qUP(l) =1
[
boson
du) — —1

®
Is compact QED coupled to a fermi surface

Fermion forms fermi sea: stable to confinement?

T i Probably yes in 2+1D

Sung-Sik Lee, Phys. Rev. B 78, 085129 (2008)
Instanton has infinite scaling dimension

Yes in 3+1D and above




Spinon Fermi surface

Spinful s .WV\

Slave-boson neutral fermion Boson
l
EleCtrOn . CT — f—‘- bT Spinless EIectron ﬂw
or or”r *— charged boson Fermion

Spinon fermi surface: Simplest case: electrons in half-filled lattice

Bosons form trivial Mott insulator: _ spinon

! Compact U(1) gauge field Ay = 1
b
B = 1

®
Perhaps no exactly solvable model (a la Kitaev)

: : ] exists for this phase of matter
Fermion forms fermi sea:

T i “Non-Fermi liquid”:

..................... A Spinon fermi surface C ~ T2/3

Landau Fermi liquid C ~T

Motrunich, Phys. Rev. B 72, 045105 (2005)



Where could it be?

Fermion

N

Electron —— C:rﬂa — f;rbi «+«—— boson

Triangular lattice Hubbard model at half-filling

t>U

t ~U

4 .wv\

Boson |

Electron ;\”l

Fermion

<< U

Motrunich, PRB 72, 045105 (2005)
SS. Lee and PA. Lee, PRL 95, 036403 (2005)
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Metal 120 AFM
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Gia-Wei Chern et al. PRB 97, 035120 (2018)




Where could it be?

Fermion

N

Electron —> C:rjr — f;rb;[ +«—— Dboson

Triangular lattice organic materials
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Low energy effective theory /va\

Fermion \
"' \'i' "' Electron ;V\/
or — fa,,nbr <«—— boson k Fermion J

carries physical charge

Electtron —— C

U(1) gauge theory:

£ — ‘Cf (p L CL) £b (p a — A) _ . anything gauge invariant

and allowed by symmetry

l Integrate out bosons

1
24

€

L=Lp(p—a)+s(e—E)’ = —(b—B)*+ -

Internal fields want to “track” probe physical fields



Spinons in magnetic fields

Chr = [1,:b1

/i Bosp?
U(1) gauge theory: <:
€ 1 Electron ;\/‘/
H:Hf(p_a)+§(€_E)2+ﬂ(b_B)Q_I_ ) k FermiorL)
Magnetic field present: X5 = g
247Tmf
-~ (b — B)?
E =~ Eg(b) 2
1
b Xf 12 ~
L= =507 = 1+ pux s
Physically: Diamagnet:
BEVxA b=Vxa i X5
T —p g ArM ~ 7 B
Jo£0 ediill Jr=dv =, T HXT




At : fo_ ot
Quantum oscillations of spinons ‘- Jorbr

Magnetic field present:

(b—B)*

E ~ Ef(b) |

b
J

Motrunich, PRB (2006)

Katsura, Nagaosa & Lee,

2

PRL (2010)

Quantum oscillations:

0

005 008

Chowdhury, Sodemann, and Senthil, Nature Comms 9, 1766 (2018).
Sodemann, Chowdhury, and Senthil, PRB 97, 045152 (2018).
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. . . . T — ftpt
Spinons with electric fields - Jarbr

o)
Electric field present: - Boson
2 L2 Electron\;‘/‘/
T £0U € . . .
L= Z L0 4 viaA (6 — A)? - Fermion_/
. 2 2
(4
Maxwell-Ampere equation @ “Gauge freezing” of the Kohn mode
Z v; + € L2 (d — A) — () No response to DC electric fields
2
loffe-Larkin composition rule: 5
€
Reo(w) ~ w* —
— —1 —1
o (w) =07 (W) + o, (W) DT
__ D
,O(w) — ,Of(w) T Pb(w) of(w) ~ i y op(Ww) ~ —iwe
w+1/T

Metal Insulator
L. B. loffe and A. I. Larkin, Phys. Rev. B 39, 8988 (1989).



4 A

Power law optical absorption A oo
Electron\p/
loffe-Larkin composition rule: \_ Fermion /
. . D o
o (w) = O (w) S o ti/r op(Ww) &~ —iwe
Metal Insulator
plw) = pr(w)
Photon
1 (w ) 1/3
T A
Fermion P.A. Lee and N. Nagaosa, Phys. Rev. B 46, 5621 (1992)
Ng and P. A. Lee, Phys. Rev. Lett. 99, 156402 (2007)
Clean With impurities
1 AL/ e

Reo(w) =~ w™ Reo(w) =~ w*——

DTQ




e . N A
How to distinguish it from “dirt”? | g~ >
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Optical conductivity Fermion /
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Reo(w) =~ w* ——
DT()
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Cyclotron resonance 7

e o

FermionJ)

Cyclotron resonance metals: Kohn mode: W,

Second mode: 2w,
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4 A

Cyclotron resonance spinons A osen
Electron\ ;VV
B=VxA : :: b=V Xxa f-l‘s k Fermioan
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Cyclotron resonance spinons A7 Csosn
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Summary Part |
“Smoking gun” probes for U(1) spin
liquids with gapless fermions

Peng Rao

1) Spinons in U(1) spin liquids are electrically neutral particles but they develop
Landau levels under physical magnetic fields.

2) These spin liquids have cyclotron
resonance and magnetisation
oscillations (de-Haas van alphen) even
though they are insulators.




Outline Part i
Berry curvature dipole
of metals

Oles Matsyshyn

1) Non-linear Hall effect in time reversal invariant materials controlled by the
Berry curvature dipole

jnLag o< E?
E

2) Berry curvature dipole measures a nhon-Newtonian and non-linear acceleration

d*r , 5
PR (Berry dipole) E



Berry curvature In crystals

Vacuum

[rﬂ?rﬁ] — O CV,B < {Zl?,y,Z}




Berry curvature In crystals

Vacuum
ra:i 0 [rayrﬁ]:() Oé,ﬁé{x,y,z}
OPa
Crystals

Berry connection

1) -0 iy
Q/ u(k)) =15 +A(k)  A(k) = i(u(k)|Ok|u(k))

k € Brillouin zone
E. Blount, in Solid state physics, Vol. 13 (Elsevier, 1962)



Berry curvature In crystals

Vacuum
ra:i 0 [romrﬁ]:o Oé,ﬁE{iU,y,Z}
OPa
Crystals

Berry connection

1) -0 iy
Q/ u(k)) =15 +A(k)  A(k) = i(u(k)|Ok|u(k))

Berry curvature

To,Tg) = €03~ 2y

Q(k) = o x A(k)

E. Blount, in Solid state physics, Vol. 13 (Elsevier, 1962)

k € Brillouin zone



“Anomalous” velocity

Berry connection = momentum-locked dipole

{k)/ H=cek)+eE() r=ek)+eE- O+ eE - Ak)
o, dk .
- r=io A (k) — = i|H,k| = —eE

Karplus and Luttinger, Phys. Rev. 95, 1154 (1954). Chang and Niu, Phys. Rev. Lett. 75, 1348, (1995).



“Anomalous” velocity

Berry connection = momentum-locked dipole

e(k)‘ H=cek)+eE(®) r=ek)+eE O+ eE - A(k)
\/ 0 dk
— q Ak =7 — —
- L= (k) 7 i|H, K] cE
The velocity has an extra piece besides the group velocity:
dr, . .
VvV, = % = i|H,ry] = Ok, € — eilr,, rg|Eg

ra, I‘g] = 1€a 382y

o \/E
V = | QQ X E(t) Vanom

Ok

Karplus and Luttinger, Phys. Rev. 95, 1154 (1954). Chang and Niu, Phys. Rev. Lett. 75, 1348, (1995).




Linear response

_a€|Q E %— E
—8k|6>< dt—_e

V

. dk
Ja — _6/ (QW)dVQ(k)fO(k —+ eTE) Ak = —eTE



Linear response

Oe dk

VzﬁkIeQxE E—_eE

d
ja — —6/ (;iﬂ])cd Va(k)fo(k —+ 67‘E) Ak = —eTE

= 627'<312<ak66>E5 — e%eapr (Q5)E, + O(E?)
—— —— B / dk
Drude weight Hall conductivity B




Linear response

Oe dk

VzﬁkIeQxE E__eE

d?k
ja — —6/ (QW)dVa(k)fO(k —+ 67‘E) Ak = —eTE

= 70k, )V Ep — €*capn (2p)E, + O(E?)

" — —— B d%k
)= [ o)
Drude weight Hall conductivity Bz
k
Time reversal.: g k
/L
Qk)=-92(-k) ogan =0 /
—k




Non-linear Hall effect

dik
v gli el X E b= fy oo
: Ak .
jo = —€ (QW)dV(kﬁO(k + eTE) = linear response +
T s 3
5 <8k04k5k,y ) EgE,y + €7 Teqpy (Ok; 23) By Es
Jork

J. E. Moore and J. Orenstein, Phys. Rev. Lett. 105, 026805 (2010) Inti Sodemann and Liang Fu, Phys. Rev. Lett. 115, 216806 (2015)



Non-linear Hall effect

d
| fotio--

dk
Ja = —6/ ( v(k) fo(k + eTE) = linear response +

Vzgli - e() X K S

e’ T
5 <81§@k5k,y e ESE, + e’ Teagy (Ok; s) B, Es
“Jerk .

_ Berry curvature dipole
Time reversal:

Do = (Ok,S23)

Ok, 23|k — Ok, 2p|—x

NLH _
<5)3 > 0 Xavys = 637-6045’71)55
kokgk, €/ =

J. E. Moore and J. Orenstein, Phys. Rev. Lett. 105, 026805 (2010) Inti Sodemann and Liang Fu, Phys. Rev. Lett. 115, 216806 (2015)



Non-linear Hall effect

Berry curvature dipole

Dog = (O, Qp)

Inversion:

Das =0

Insulator:

Daﬁ —0 <...>E/BZ




Non-linear Hall effect

Berry curvature dipole Inversion : Insulator :

Dog = (0he, ) | Das=0 Do =0

Order parameter for broken inversion symmetry in metals




Non-linear Hall effect

Berry curvature dipole Inversion : Insulator :

Daﬁ B <ak0‘ QB> Daﬁ =0 Daﬁ = () <M>E/Bz ot

Order parameter for broken inversion symmetry in metals

Example: 2D metal

() <0 . Q>0
00(k)

ik
DE/(Qw)dfO(k)a—k

J=e’7(D -E)zxE

—

Inti Sodemann and Liang Fu, Phys. Rev. Lett. 115, 216806 (2015) Mirror



Non-linear Hall effect

Berry curvature dipole Inversion : Insulator :

Daﬁ B <ak0‘ QB> Daﬁ =0 Daﬁ = () <M>E/Bz ot

Order parameter for broken inversion symmetry in metals

Example: 2D metal

() <0 . Q>0
00(k)

ik
DE/(Qw)dfO(k)a—k

J=e’7(D -E)zxE

AkNTE\

Inti Sodemann and Liang Fu, Phys. Rev. Lett. 115, 216806 (2015) Mirror



Experlmental reallsatlon

Td-WTe2 bilayer: :&3})\,
AN fﬁo

Side view Top view

-0 )
Q>0 __  Mirror

Mirror

Q<0




uV)

o

VZuJ

Td-WTe2 bilayer:
Q>0
Mirror . I
Q<0

Ew — {jOanw}

Experimental realisation

[ (wA)
Q. Ma et al. Nature 565, 337 (2019)

"1'1323 1.*

Side view Top view
J — e3T(D . E)z x E No scattering time:
B — 6<@kyﬂ> E2

<akx €)
,, J

> i Ey
é; . T | EX D

C S50 100 15C 200 250 300 330

6 %)
Kaifei Kang, et al. arXiv:1809.08744 (2018)



“Anomalous” non-Newtonian acceleration

Consider electron in electric field:

N\

e(k)|

_

k

Non-linear inertia:

Ay — ——

dve

dat

H =¢e(k) —er - E(t)
r — 10k + Ax

vV = ak € _I_ BQ % E Oles Matsyshyn

5’k € (- eEg) + €apy Ok, (e’ E, Es)

Drude weight Berry curvature dipole



“Anomalous” non-Newtonian acceleration

Consider electron in electric field:

@ H = e(k) — er - B(#)
‘/ r =10k + Ak .
k VvV — ak€ - eQ) x K Oles Matsyshyn
Non-linear inertia:
dv, v
Ay — W — 012<a5€ (—6E5) —+ eamﬁkkéﬂé(&EvEcg) Ta

- -7

Drude weight Berry curvature dipole Friction



“Anomalous” non-Newtonian acceleration

Consider electron in electric field:

@/ H = e(k) — er - B(1)
I' = Z(?k -+ Ak
k VvV — akG - eQ) x K Oles Matsyshyn
Non-linear inertia:
dVa Va
a, = — = aﬁaﬁe (—eEg) + eam(?kkéﬂé(&EﬁyEg) .
Drude weight Berry curvature dipole |L=ri;;rtian
E, N
L» _J> D@ﬁ — <ako¢ ﬂ5>
By —
NLH _ T 3
<812{y€>Ey — _€<akxﬂ>E}2( XO&"}’5 — 1 ine 6a57D55




Unified theory of insulators and metals

Quantum Drude model
H = 5nm€m (k) — Erym Et
dp . pPo — P
'nm — Z6nmak + Anm(k) a + Z[H7 )0] — e
Anm (k) — i<unk‘ak‘umk> Oles Matsyshyn
Aversa & Sipe, PRB 52, 14636 (1995)
r Metals \
Non-linear conductivity " Insulators )
Second Harmonic
0(2) = —<[I'(t2), [r(t1)7 V]]> optical inferband Rectification

Injection current

Eiawl

Shift current Photogalvanic
Ja, W = Wi + W9 k J
Ej’ w2 Non-linear

L Hall J

o0 o0
(¥ (w))e = e/ / dwydwo B? (we) E* (:wl)ag-‘)"(—w,,wl_,wg)

— 0




Quantum rectification sum rule

Only two low-frequency divergences:
“Jerk” Berry-curvature dipole

ol (—10, w0y, wo)

r j “(2) (W, Wo — §w — (w +>))Z fr i v, Zf [ ( Al )
Metals o G et “va+zr )(ws + iT) B Ns +i0 \w — 44 + T

-l J T
Non-linear S N A Py Vi, N )
Hall o — e AT g —E T
W Eab T 1 “ Eab T 2
. Al oM v, A
| i Insulators \ + Y f.lA’ [ LbeVca _ beAea
Second Harmonic — 1 L’b (Z (w—cqe + 1) (w2 —gap+ ') (w—cp +i0) (w2 — 2y +J

Rectification Optical interband
jecti Interband resonances
Injection current

LPhotogalvanic Shift current E;, w
L "jaaw:wl+w2
Ej7 W2




Quantum rectification sum rule

Only two low-frequency divergences:

e 2)

a

Non-linear
Hall

—

Second Harmonic
Rectification Optical interband
Injection current

Photogalvanic Shift current J

\Z

Net rectification in TRI systems purely quantum geometric:

dw 5
/ ra)” ) = 2 Ll
~

Insulators  \ + Z fatl:
b

Ej7w2

1) 4 i([AP, 0 A)) +

“Jerk” Berry-curvature dipole

1 '(.,2) —{J), (W, Wo A r I()I(()I II ( 1:’1{).";1
— (’ W — (W x99 a ab — A
r Metals ﬂ 27 ( (e + “))Z{fLerzI“ M+1F Zf’ w;+1F ) = Eqp + o

(4

AJ M
4(11) : i(:')z lba : +
Wa — Eqp + IF W — Eqb =+ 'l'r
v, @
4 e Ura - l!( 4
_5(1('+’F)( _:al)"}""r) (w_ (b'*"F _-(u+ )

Y |

Eiawl

Y

([A7, [A, AM]))

Interband resonances

}jaaw = W1 + w2

Berry curvature takes all

intra-band spectral weight:

(0, w, —w)

— A

/ Berry dipole

\_ Berry dipole Anm(k> — Z<unk|ak |umk> 1/7_ Aband

> W



Spectator of guantum geometry

Measurable quantity that depends solely on A (k)

e Polarisation (insulators)

P = e(A(k))

e Hall conductivity

o= e2(Q(k))

* Magneto-electric coefficient of time reversal invariant 3D insulators

62

= —TQWA%BAW — (2i/3)A*AP A7)

* Non-linear rectification weight of time reversal metals or insulators

/ (;;20(”(0, —w,w) = (P +i([AP, 9% AH]) + ([AP [A%, AH]))



Summary Part li
Berry curvature dipole
of metals

1) Non-linear Hall effect in time reversal invariant materials controlled by the
Berry curvature dipole

jnLug o< 7 (BerryDipole) E?
E M
Berry dipole = (0 €2)
2) Berry curvature dipole measures a nhon-Newtonian and non-linear acceleration

d*r , 5
PR (Berry dipole) E

Bonus: quantum rectification sum rule



Outline Part i
The quantum dimer and six vertex
models one electric field line at a time

J. Herzog-Arbeitman, S. Mantilla,
|. Sodemann, arXiv:1902.01858

1) Quantum dimer and six vertex models have a conservation law for “strings” =
“electric-field lines”.

2) The single “strings” subspace maps to 1D spin chains

)
Quantum |

6 vertex R i ,' . ﬁ 1D spin 1/2 XXZ chain

3 i t -:
Quantum U
b

- et < —
Dlmer : e ' (J 1’;..(.2.3:-;-1{.2.)

VVVVVVV
LI—

Two-leg 1/2 ladder




Quantum 6 vertex model

Hilbert space Constraints

Every site has
as many going in as out

u ® .
) Y Y A
€4 <9 6> ¢ >0 &> ¢ >0
l Y Y A
T i : :

Square lattice with arrows on links

_’ 0—(—:—<—0 0—)—1—(—0 0—(—:—>—0
! If |
Hamiltonian H = Z —t(|O) (O] + |O) (O]) + V(O (O] + |D) (O))

ad

Flipping plaquette: Counting Flippable

BRI BN

+| <



Quantum Dimer model
(Rokhsar-Kivelson)

Hilbert space

Dimers on links touch every Constraints
sites only once

<>
Hamiltonian = Z —t(|OY (O] + OO + V(O (O + |D) (D))

a

t v v
. ‘H .V‘ T
S




Phase diagrams

Anomalously weak 1st order
Hamiltonian *
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Phase diagrams
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Lattice U(1) gauge theory
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Conservation of strings

Reference vacuum with zero strings 0 No flippable

Plaquettes
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One string problem

String always goes right or up
Charges are created otherwise
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One string problem = XXZ spin 1/2 chain

String can be represented

as spin 1/2 chain ..
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Solving one string problem

String can be represented XXZ spin 1/2
as spin 1/2 chain
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Solving one string problem

String can be represented

as spin 1/2 chain

v - v - v >

RK point has “hidden”
SU(2) symmetry

XXZ spin 1/2
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Strings in quantum dimer

String moves in a triangular lattice
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One string problem in guantum dimer

String can be represented
as spin 1/2 2-leg ladder
Drude weight for L=7
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Back to multi-strings

One string

Quantum 6 Vertex Model

One string
Quantum Dimer Model
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ldeal BEC of strings?

Many string problem: H — ane string 4+ Hé)ne string 1.
( ] T l Soft bosons
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Summary Part i
The quantum dimer and six vertex
models one electric field line at a time

J. Herzog-Arbeitman, S. Mantilla,
|. Sodemann, arXiv:1902.01858

1) Quantum dimer and six vertex models have a conservation law for “strings” =
“electric-field lines”.

2) The single “strings” subspace maps to 1D spin chains
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