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Y. Tokura et al., Nature Physics (2017)
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M. Gray, KSB et al,  Nanoletters (2019)
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Goldstone
(Phason)

Higgs
(Amplitudon)

Massive
 particles

Ψ(r, t) = |Ψ(r, t) |eiϕ(r,t)

S = − αΨ*Ψ

Gauge?

∇ → |∇ − i(e/c)A |

Plasmon (at )ωp

Anderson

Higgs…

+β(Ψ*Ψ)2 +γ(∇Ψ*∇Ψ)

D. Pekker and C. Varma  Annu. Rev. CMP (2015)

http://burchlab.org


Higgs  Square Scattering  Interference  Highlights

burchlab.org @Burch_Lab Higgs

Goldstone
(Phason)

Higgs
(Amplitudon)

“It is worth noting that an essential feature of this type of theory … 
is the prediction of an incomplete multiplet of scalar and vector bosons”

Multiple Symmetry Breaking? Axial

Mirror
Time Reversal
180∘

Phys. Rev. Lett. 45, 660 (1980)
Phys. Rev. Lett. 47, 811 (1981)
Phys. Rev. B 89, 060503 (2014)

Science 345, 1145 (2014)

Nat. Comm 2020

Superfluid 3He

 G.E. Volovik & M.A. Zubkov
Low Temp Phys (2014)
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• Particle-Hole

• High T/E

• Applications

Fröhlich (1954) and Peierls (1955) E

k

Goldstone
(Phason)

Higgs
(Amplitudon)

A. Balandin, et al, 
APL  (2021)

-

+

G. Gruner, RMP  (1988)
M.D Johannes, I. Mazin PRB 2008
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Materials
Py

Px

Γ ΓX M
S. Klemenz, J. Cano, L. Schoop et al 

JACS (2020)
LnSbxTe2-x 

S. Lei, L. Schoop et al 
Adv. Materials (2021) 

LnTe3

P. Walmsley,           
I. Fisher et al,  

PRB 102, 045150 
(2020)

b*-qCDW

qCDW

Ka

Kb
S. Lei, L. Schoop et 
al Sci. Adv. (2020) 

EF
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A Postpandemic Tool
Generate “Sidebands”Absorption/Reflectance

Phonon→

PRB 13, 169 (1976)
Proc. Phys. Soc. 86, 699 (1965)

T. Devereaux Rev. Mod Phys. 79, 175 (2007) 

Magnons/Spinons→

electrons→

Ô = ̂a

Ô = f( ̂S ⋅ ̂S)

Ô = f( ̂ρ ⋅ ̂ρ)

P = αE = (α0 +
dα
dÔ

δÔ)E

Iij(ω) = | ̂ϵi ⋅ Rij ⋅ ̂ϵj |
2 Symmetry→

Quantum?

Cuprates 
M. Tacon et al, Nature Physics 

Solid State Comm. 30, 429 (1979)

-
+

+

Peer Pressure in the Laser Lab

1922: Raman to Mediterranean 
1918-1920: Spanish Flu 

http://burchlab.org
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Symmetry

XX vs. YY:  
H.-M. Eiter, T. Devereaux, L. Degiorgi et al (PNAS - 2013)

Ag Bg

̂ei | | ̂es

̂ei ⊥ ̂es

Amplitude Mode

Y. Wang, L. Schoop, KSB et al 
(Nature - 2022)

a’

Phonons

http://burchlab.org
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Axial Higgs
Amplitude Mode

DestructiveConstructive

Rab = − Rba

b* − qCDW |Px⟩|Py⟩

qCDW
|Px⟩

|Px⟩
Raa > 0

Room T 
in LaTe3 & GdTe3

b*-qCDW

qCDW

Ka

Kb

Y. Wang, L. Schoop, KSB et al 
(Nature - 2022)

⃗a′ b⃗′ 

⃗a

b⃗

̂ei | | ̂es

̂ei ⊥ ̂es

http://burchlab.org
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Open Questions
• What microscopically sets the phase?  

• Unconventional CDW? 

• CDW & Quantum Geometry?

• Sliding CDW + Topology? 

• Quantum Optics for Quantum Materials?

Amplitude Mode
DestructiveConstructive

qCDW
|Px⟩

|Px⟩

b* − qCDW |Px⟩|Py⟩

http://burchlab.org
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Domains?
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And others… 

Dirk Wulferding and Changyoung Kim (SNU)
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Rotation

LnTe3

P. Walmsley,           
I. Fisher et al,  

PRB 102, 045150 
(2020)

Amplitude 1Amplitude 2 Ag

http://burchlab.org
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Y. Wang, KSB et al, Nature (2022)
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J.A. Koningstein et al, Nature (1968); 
J. Chem. Phys. 48, 3971 (1968) 

Trivalent Lanthanides
Electronic Raman

http://burchlab.org


 Backup

burchlab.org @Burch_Lab Temperature

0

a

b

c

d

e

Destructive

5 10 15
8

100

200

300

Energy (meV)

Te
m

pe
ra

tu
re

 (K
)

01 0.5
Intensity (a.u.)

0

90

180

270

0

90

180

270

140K 300K8K

0

90

180

270

45135

315225

45135

315225

45135

315225

0

90

180

45135

315225

Constructive

0

XX Data Points
XY Data Points

XX Fit
XY Fit

270

http://burchlab.org


burchlab.org @Burch_Lab

Higgs  Square Scattering  Interference  Highlights

Interference vs  Degeneracy 
Ag Bg

Amplitude Mode

̂ei | | ̂es

̂ei ⊥ ̂es

Phonons

DestructiveConstructive

IAg IBg

I = |RAg + RaS |2

I = |RAg |2 + |RBg |2

Y. Wang, L. Schoop, 
KSB et al (Nature - 2022)

http://burchlab.org
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Interference in Raman 

R.A. Harris et al, J. Chem Phys. 96, 15 1992

P = αE = (α0 +
dα
dÔ

δÔ)E

Iij(ω) = | ̂ϵi ⋅ Rij ⋅ ̂ϵj |
2

Rαβ =
2

∑
n,n′ =1

⟨ f |⟨g |erα |n⟩⟨n |G |n′ ⟩⟨n′ |erβ |g⟩ | i⟩

no coupling between states: Rαβ = Rβα

2 states uncoupled double slits in electronic space→
Gnn′ 

= δnn′ 
Gn

⟨n′ | |n⟩

| f⟩

rα |g⟩⟨g |rβ

⟨n |G |n′ ⟩

IE reverse process looks same
Can tell which path (commute?)

No interference

http://burchlab.org


burchlab.org @Burch_Lab

Higgs  Square Scattering  Interference  Highlights

Improved Setup

Incident LightM1

M2

M3

M4

90/10
Analyzer

sample

Scattered Light 
to spectrometer

Polarizer

Slow-axis

Fast-axis

HWP2

Slow-axis

Fast-axis

HWP1

QWP

�̂�𝑖

�̂�𝑠
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⃗a

b⃗
⃗a′ b⃗′ 

Rab = − Rba

http://burchlab.org
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gy

Density of States

“Protected” by Symmetry?

N. Kumar et. al., Nat. Comm. 8, 1 (2017);      J. Hu et al., Ann. Rev. 49, 207 (2019);      T.O. Wehling et al., Adv. Phys. 63, 1 (2014)

Reduced Phase Space

µT µq

“Protected” by Topology?

M
ob

ili
ty

 [
cm

2 /
(V

s)
]
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(Ta,Nb)As G. Osterhoudt, KSB Phys. Rev. B (2020)

q

ω

Phys. Rev. 148, 845 (1966).; PRB, 29, 2051 (1984)

WP2
G. Osterhoudt, KSB PRX (2021)

NbGe2
H.-Y. Yang, KSB, Tafti 
Nature Comm (2021)

- --

Γe-ph Γph-e

http://burchlab.org
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Y. Tian, KSB, et al Rev. Sci. Inst. 87, 4 (2016); M.Gray, KSB et al, RSI (2020)

GdTe3

http://burchlab.org
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= ⟨ | ̂r |⟩

Phase:

Connection:

Curvature:

D. Xiao, et al. RMP 82, 1959 (2010)

M. Berry

≈ invariant

≈ Potential

+ ψ(0) → ψ(0)eiγ

γ = ∮C
dk ⋅ A( k ) = ∬S

dk2 ⋅ Ω( k )

A( k ) = ⟨ψ( k ) | i∇k |ψ( k )⟩

Ω( k ) = ∇k × A( k ) ≈ B( k )
χ = 2

χ = 0
Magnetic 
Monopole

Ω(k), A(k) → ∞

http://burchlab.org
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Nat. Materials 13, 677 (2014)

Cd3As2

Y. Tokura et al., Nature Physics (2017)

http://burchlab.org
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2D Toolbox

Superconductors

Magnets

Insulators

Semiconductors

Semimetals

Ferroelectrics

Donors

Acceptors

http://burchlab.org
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Modulation Doping
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EF~600meV
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Y. Wang, KSB et al, Nanoletters (2020)

D. Rizzo et al,  
Nanoletters (2022) 

J. Bagley et al,  
Nanoletter (2022)
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Optimal Modulation Doping
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Nonlinear

= ⟨ | ̂r |⟩

A( k ) = ⟨ψ( k ) | i∇k |ψ( k )⟩

+-

J.E. Sipe, & I. Shkrebtii, PRB 61, 5337 (2000)
T. Morimoto & N. Nagaosa , Sci. Adv. 2, 150524 (2016)

L.Z. Tan et al., NPJ Comp. Mat. 2, 16026 (2016)

As

Ta-

dP
dt

= JShift Current

Ω( k ) = ∇k × A( k ) ≈ B( k )
Injection Current

-
-

-

Ω(kx) = B0 ̂y

Jinj ∝
dJ
dt

τ

http://burchlab.org
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Weyl
Magnetic Monopole

- -

X. Yang et al., arxiv 1712.09363
C.K. Chan et al., PRB 95, 41104 

Ω(k), A(k) → ∞
2nd harmonic

L. Wu et. al,  Nature Physics (2017)

Q. Ma et. al,  Nature Physics (2017)

Injection Current

http://burchlab.org
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Device Design

Penetration
& Loss

--
- -

-

-

-

-

Symmetry
a

c

Seebeck
AC-400

5µm

c

AB-400

http://burchlab.org
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Our Devices
Slow

Fast

AC-400

C2=-0.11 C4=-0.011
S4=-0.053

Circular: S2Sin(2θ)

|Ex|2+|Ey|2: D+C2Cos(2θ)+C4Cos(4θ)
ExEy: S4Sin(4θ)

AB-400

C4=1.86
S4=-0.89

Φ=-130

Nature Materials (2019)

C4=0.11
S4=-0.02

http://burchlab.org
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Colossal!
Nature Materials (2019)

UV Visible Thermal	IR	&	FingerprintNIR

J = σ2E(ω)E(ω) = αGE(ω)E(ω)

J.Liu, F. Xia, D. Xiao, J. 
Garcia de Abao, D. Sun 
Nature Materials 19, 830 

2020

http://burchlab.org

