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QPI : no introduction needed
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Puzzle 1 : Cuprates at high voltage

No peaks in the 
central Brillouin Zone

Satellite peaks in the 
first Brillouin Zone

𝑉 ≈ 1.5 Δ

Data from Wise etal (Nature Physics 2008)
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Puzzle 2 : complex phase

Random Phase

Re

Im
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Random position of impurities

𝑒𝑖 𝑘 𝑟

𝑒𝑖 𝑘+𝑞 𝑟𝑨𝒒,𝝎𝒆
𝒊𝝓𝒒,𝝎

𝑥imp = 0

𝑒𝑖 𝑘 𝑥

𝑒𝑖 𝑘+𝑞 𝑥𝑨𝒒,𝝎𝒆
𝒊𝝓𝒒,𝝎𝐞𝐢 𝐪⋅𝒙𝐢𝐦𝐩

𝑥imp ≠ 0

𝑔 Ԧ𝑞, 𝜔 = 𝑨𝒒,𝝎𝒆
𝒊𝝓𝒒,𝝎 ෍

i=impurities

𝒆𝒊𝒒⋅𝒙𝒊

See also the talk by Huan Yang



STM Workshop, Tsung Dao Lee Institute, Shanghai, August 27, 2018

http://www.nonequilibrium.org

Emanuele Dalla TorreBar-Ilan University

New idea: Holographic Maps

ℎ𝐺 𝑞, 𝜔 = 𝑔 𝑞,𝜔 𝑔∗ 𝑞 + 𝐺,𝜔

ℎ𝐺 𝑞, 𝜔 ∼ 𝑒𝑖 𝑞 𝑥𝑖 𝑒−𝑖 𝑞+𝐺 𝑥𝑖 = 𝑒𝑖 𝐺 𝑥𝑖 = 1

1. Independent on the position of impurities:

2. For 𝐺 = 0  holographic maps = intensity map

Properties: 

𝐺: inverse Bravais vector

G
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Holographic map :  𝐺 = 1,0

ℎ 𝑞, 𝜔 = 𝑔 𝑞,𝜔 𝑔∗ 𝑞 + 1,0 , 𝜔

g-map
h-map

(1,0)
(1,0)

Phase sensitive 
g-map
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Holographic map :  𝐺 = 1,1

ℎ 𝑞, 𝜔 = 𝑔 𝑞, 𝜔 𝑔∗ 𝑞 + 1,1 , 𝜔

g-map
h-map

(1,1)
(1,1)

Phase sensitive 
g-map
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Phase sensitive STM

Our g-map “d-form factor CDW”

Hamidian,…, S. Davis, S. Sachdev, etal
(Nat. Phys. October 2015)
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“There is no CDW, only Friedel oscillations”

𝜒 𝑞, 𝑤 = 𝑣𝑞෍

𝑘

𝑓𝑘−𝑞 − 𝑓𝑘
ℏ 𝑤 + 𝑖𝛿 + 𝐸𝑘−𝑞 − 𝐸𝑘

𝜖𝑘 = −2𝑡 cos 𝑘𝑋 + cos 𝑘𝑌 − 4𝑡′ cos 𝑘𝑥 cos 𝑘𝑦

D. Dentelski et al, unpublished
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Why differences between Brillouin zones?

𝐺𝑘,𝑘+𝑞 = 𝐺0 𝑘,𝜔 𝑇 𝑘 𝐺0 𝑘 + 𝑞,𝜔

Periodic (Bloch theorem)q-independent

𝑔 𝑞,𝜔 =෍

𝑘

𝑊 𝑘 𝐺𝑘,𝑘+𝑞 𝑊 𝑘 + 𝑞

Wannier functions = subatomic details

Podolski etal (PRB, 2003). See also talk by Andreas Kreisel

Not periodic

How to find the correct Wannier function?
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From Wannier functions to g map

(1) (2) (3) (4)

𝑥2 − 𝑦2 𝑒
−
𝑥2+𝑦2

8𝜎2𝑥2 + 𝑦2 𝑒
−
𝑥2+𝑦2

2𝜎2
𝑥2 − 𝑦2 𝑒

−
𝑥2+𝑦2

2𝜎2
𝑒
−
𝑥2+𝑦2

2𝜎2
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Resulting g-map

(1) (2) (3) (4)

Experiment:

𝑞𝑥/2𝜋

𝑞
𝑦
/2
𝜋

-0.5

0.5

-0.5 0.5
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Main result: Wannier function

Similar conclusion by:

Kreisel etal (PRL 2015), Choubey etal (PRB 2017)

Agrees with 

Zhang and Rice

(PRB 1988)
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Iron Based Superconductors

Du etal, Nat.Comm. (2016)
(LiFe)OHFeSe @ 14.5meV

Yan etal, arXiv (2016)
(LiFe)OHFeSe @ 15meV

Fan etal, Nat. Phys. (2016)
FeSe/SrTiO3 @ 9meV

Huang etal, PRL (2015)
FeSe/SrTiO3 @ 10meV
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Holographic map - experiment



STM Workshop, Tsung Dao Lee Institute, Shanghai, August 27, 2018

http://www.nonequilibrium.org

Emanuele Dalla TorreBar-Ilan University

Holographic maps - theory

Joseph Rubin et al, unpublished
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Main result: Wannier function

PRELIMINARY



STM Workshop, Tsung Dao Lee Institute, Shanghai, August 27, 2018

http://www.nonequilibrium.org

Emanuele Dalla TorreBar-Ilan University

EG Dalla Torre, Y He, E Demler, Nature Physics 12, 1052–1056 (2016)

EG Dalla Torre, D Benjamin, Y He, D Dentelski, E Demler, Physical Review B 93, 205117 (2016)

EG Dalla Torre, Y He, D Benjamin, E Demler, New Journal of Physics 17, 022001 (2015)

Summary

High resolution STM Wannier function
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EXTRA



STM Workshop, Tsung Dao Lee Institute, Shanghai, August 27, 2018

http://www.nonequilibrium.org

Emanuele Dalla TorreBar-Ilan University

Intermezzo : “there is no CDW, only Friedel”

𝑥 = 0.215

𝑡′ = −0.3𝑡
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Intuitive interpretation

Periodicity of the Wannier function  Periodicity of the g-map

𝑔 𝑞,𝜔 =෍

𝑘

𝑊 𝑘 𝐺𝑘,𝑘+𝑞 𝑊 𝑘 + 𝑞

𝑊 𝑥, 𝑦 = 𝛿 𝑥 −
𝑎

2
𝛿 𝑦 + 𝛿 𝑥 +

𝑎

2
𝛿 𝑦

−𝛿 𝑥 𝛿 𝑦 −
𝑎

2
− 𝛿 𝑥 𝛿 𝑦 −

𝑎

2

𝑊 𝑘 = cos
𝑘𝑥
2

− cos
𝑘𝑦

2

+

+ +

++

+

+ ++

x/a

y/a


