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Abstract: <span>Recently developed techniques allow imaging of electronic quantum matter directly at the atomic scale. | will introduce the basic
principles and describe the set of observables available from these techniques. As examples, | will survey visualization of exotic forms of electronic

guantum matter including heavy fermions, quantum critical electrons, topological surface states, electronic liquid crystals, and high temperature
superconductors. </span>
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Scanning Electron-Tunneling Microscopy (STM)
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Spectroscopic Imaging STM

Piezoelectric tube

with electrodes

Sample
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current amplifier  and scanning unit
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Spectroscopic Imaging STM
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Topography

Rev. Sci. Inst. 70, 1459 (1999).
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Spectroscopic Imaging STM

dl/dV spectrum at single atom

Topography

Rev. Sci. Inst. 70, 1459 (1999).
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Spectroscopic Imaging STM

dl/dV spectrum at every atom )
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Spectroscopic Imaging STM

dl/dV spectrum at every atom )
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Spectroscopic Imaging STM

dl/dV spectrum at every atom )
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Spectroscopic Imaging STM

dI/dV spectrum at every atom ) Atomic-resolution energy-resolved
N(r,E)

Rev. Sci. Inst. 70, 1459 (1999).
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Spectroscopic Imaging STM

dI/dV spectrum at every atom ) Atomic-resolution energy-resolved
N(r,E)
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Spectroscopic Imaging STM

dl/dV spectrum at every atom ) Atomic-resolution energy-resolved
N(r,E)
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Ultra Low Vibration Cryostat & Laboratory

ULTRA LOW VIBRATION LAB ULTRA LOW VIBRATION CRYOSTAT
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Ultra Low Vibration Cryostat & Laboratory
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Direct Visualization of Electronic Qquantum Matter

Nanoscale e-disorder Q. Interference Impurity Atoms Heavy Fermion SC
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Nature 414 282 (2001) Science 297,1148 (2002) Nature 411,920 (2001)  Nature 465,570 (2010)
Nature 415 412 (2002) Nature 422, 520 (2003) Nature 403,746 (2000)  Nat. Phys. 9, 458 (2013)
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Direct Visualization of Electronic Qquantum Matter

Phase Fluctuations Exotic Density Waves Dopant Atoms FeAs Intertwined Phases
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Science 325,1099 (2009)  Science 315,1380 (2007)  Science 309, 1048 (2005)  Science 327,181 (2010)
Science 296 455 (2002)  Science, 333,426 (2011)  Nature 442, 546 (2006)  Science 336,563 (2012)
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging

Impurity
Atom
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging

WinE)  sk(E)
Impurity
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern

W (r,E)[*
Impurity

q(E) =2k(E)
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern
q(E)=2k(E)
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern =>  Maxima FT(N(r,E))
q(E)=2k(E) q(E)=2k(E)
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern =>  Maxima FT(N(r,E)) => k(E)=%q(E)/2
q(E)=2k(E) q(E)=2k(E)
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern =>  Maxima FT(N(r,E)) => k(E)=%q(E)/2
q(E)=2k(E) q(E)=2k(E)

PR
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern =>  Maxima FT(N(r,E)) => k(E)=%q(E)/2
q(E)=2k(E) q(E)=2k(E)

N(rE) N(g,E) k(E)

Access to empty & filled states, operates to T~10mK ( dE~10uV) and in high B fields.
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Cu-based HTS: PSD Fourier Transform g(r, w) = g(q, ®)

e

Nature 454, 1072, (2008)
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Cu-based HTS: PSD Fourier Transform g(r, w) = g(q, ®)

Nature 454, 1072, (2008)
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Cu-based HTS: PSD Fourier Transform g(r, w) = g(q, ®)
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Nature 454, 1072, (2008)
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Fe-based HTS: PSD Fourier Transform g(r, o) = g(q, o)

Science 336, 563, (2012)
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Fe-based HTS: PSD Fourier Transform g(r, o) = g(g, o)
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Science 336, 563, (2012)
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Fe-based HTS: PSD Fourier Transform g(r, o) = g(q, »)
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Science 336, 563, (2012)
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Fe-based HTS: PSD Fourier Transform g(r, o) = g(q, o)

FFT(g(r.B)/I(r,E)) ® 250 mK

g(q.w)

Nature Physics 9, 468 (2013)
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Fe-based HTS: PSD Fourier Transform g(r, o) = g(q, »)

.

. T
g(r,E) @ 250 mK FFT(g(r.B)/I(r,B)) @ 250 mK

g[q!”))

Nature Physics 9, 468 (2013)
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Relating N(q,w) to Electron Greens Function G(r,w)
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PRB 68, 014508 (2003) & NJP 16 23003 (2014)
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Relation of N(q,w) to Self-Energy 2(k, w)=w (1- Z(k, w))
Glk,w)=[w-Ek)-2(k,w)]" =[wZ(k,w)-E/k)]"
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PRB 68, 014508 (2003) & NJP 16 23003 (2014)
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Relation of N(q,w) to Self-Energy 2(k, w)=w (1- Z(k, w))
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Hole-doped Cuprate Phase Diagram
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Visualize Broken Symmetries & QPI across Phase Diagram ?
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Low Energy: Signature of d-wave Cooper pairing
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Low Energy: Signature of d-wave Cooper pairing

Q TLILILL
00000 negagen®="" q,*

q4

| Nl |
L
20 , 40 60
Bias (mV)
Science 297, 1148 (2002) Nature 454, 1072 (2008) JPSJ 82,011005 (2011)
«//H~»

Pirsa: 14050100 Page 46/105



Low Energy: Signature of d-wave Cooper pairing
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High Energy: Quasi-static Broken Symmetry States
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PRL 94, 197005 (2005); Science 454, 1072 (2007); JPSJ 82,011005 (2011); Science 344, 612(2014)
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Low Energy: Signature of d-wave Cooper pairing
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Visualize Broken-Symmetry States

Bi, ,Sr, g(Ca,Dy)Cu,0,

Nature 430, 1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Visualize Broken-Symmetry States

Bi, ,Sr, 3(Ca,Dy)Cu,0,

Nature 430, 1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Q#0 Trans. & Rot. Symmetry Breaking @ E~A,
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a, goNa, ;,Cu0,Cl, Bi, ,Sr; gCa, gDy, ,Cu,0,

Nature 430, 1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Q#0 Trans. & Rot. Symmetry Breaking @ E~A,
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Nature 430, 1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Electronically Inequivalent Oxygen-sites in every CuO, Unit Cell

Nature 430,1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Electronically Inequivalent Oxygen-sites in every CuO, Unit Cell
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Nature 430,1001 (2004) Science 315, 1380 (2007) J. Phys. Soc. Jpn 82,011005 (2011)
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Bi,Sr,CaCu,0g4 k-space Topology from q,

Particle-hole symmetric
i=1,..7 Bogoliubov QPI

Science 344, 612 (2014)
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Bi,Sr,CaCu,0g4 k-space Topology from q,

Science 344, 612 (2014)
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Visualize Broken Symmetries & QPI across Phase Diagram ?
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Bi,Sr,CaCu,04 k-space Topology from q,

(m,0)

p=0.06

Science 344, 612 (2014)
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Bi,Sr,CaCu,0g4 k-space Topology from q,
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p=0.10

/
N

Science 344, 612 (2014)

Pirsa: 14050100 Page 61/105




Bi,Sr,CaCu,0g4 k-space Topology from q,

(m,0)

QS

I\
N

Science 344, 612 (2014)
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Abrupt Transition in Bi,Sr,CaCu,O4 k-space Topology at p=19+1%

Science 344, 612 (2014)

Pirsa: 14050100 Page 63/105



Doping Dependence of Q#0 Symmetry Breaking

BT

:;
_{,

12nmx12nm

Science 344, 612 (2014)
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Doping Dependence of Q#0 Symmetry Breaking

Science 344, 612 (2014)
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Simultaneous Symmetry & k-space Topology Transitions
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See ‘Phenomenology of Charge Order in the Cuprates’
A. Allais - 3PM
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QUANTUM CRITIAL ELECTRONIC MATTER
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VISUALIZE HEAVY FERMIONS ?
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Heavy-Fermion Band Structure E*#
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Measure E*F for Heavy-Fermion Bands ?

* Heavy-fermion primary effects
often in empty states E>E;
=> challenging for ARPES.

* Heavy-fermion bands
extremely flat (dE/dk , 0)

=> 0E<100 uV energy resolution
or T< 1K is required.

* No techniques existed with

sufficient combined E,k resolution.
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Measure E{+f for Heavy-Fermion Bands ?

Heavy-Fermion Scattering Interference Imaging with Millikelvin SI-STM
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Measure E{+f for Heavy-Fermion Bands ?

Scattering
interference
within
‘light’ band
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Measure E{+f for Heavy-Fermion Bands ?

Scattering @R
interference [(©))
within
‘light’ band

Scattering
interference
within two 3
‘heavy-fermion’ | \SG
bands
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Heavy-Fermion Compound URu,Si,

4.12A

a=4.124A  ¢=9.582A

Effective mass m* = 25m,

Palstra et. al. PRL 55, 2727 (1985) §

Maple et. al. PRL 56, 185 (1986)

Nature 465,570 (2010)
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Spectroscopic Imaging g(r,E) ~ N(r,E)

Ug.99Thg 1 Ru,Si,

Density of States (arb.)

: . .
280mv ™ & Y
"~ y

55nm

Nature 465, 570 (2010)
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g(q,E) »Heavy-Fermion QPI

Ug.99Thg 1 Ru,Si,

Density of States (arb.)

1100mV. "

(m/a,,0)

Nature 465,570 (2010)
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New technique =» Measure Heavy-Fermion E¢-F

S
E
0
o
m

Nature 465,570 (2010)
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Heavy Fermion Superconductivity CeColnc

+8C
20 10 CeColn, 10 20 30
X(o/u)

Yaic=3.78 A

Antiferromagnetic spin-fluctuations with g=(%2 %2 %)
T.=2.3K ~high for heavy-fermion SC
Strong evidence for anisotropic gap + nodes

But E*P and A“F unknown
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HF SC  :Three Energy Scales : ¢ / E,‘(’J‘»':s / AP

. 0.6
k(2n/a,) k(2n/a,)

Sub-meV gap magnitudes have prevented direct measurement of
A, for any heavy fermion superconductor.,
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CeColnc : Three Energy Scales : & / E,‘("ﬁ / A}‘}lﬂ
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Nature Physics 9, 468 (2013)
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+ oC o,
Measure : €, / E¢
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Nature Physics 9, 468 (2013)
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Measure : €} / E‘i;ﬁ

FFT(g(r,B)/I(r,E)) @ 250 mK

Nature Physics 9, 468 (2013)
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Measure:

(0,0) - (0,2n)

(o}

W.DOD%®

[

Energy (meV)

Energy (meV)

o
%
)

{]:-1 ﬂ:h . []_.-1
q(2n/a,) q (2n/a,)

a-band

f-band (m0)

Nature Physics 9, 468 (2013)
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Measure : € / E(;\t;lﬂ / A(;(,lﬂ

k

Nature Physics 9, 468 (2013)
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Heavy-Fermion Superconductor : g / E»P / AP

(0,0) - (0,2m,

o

(mn%- @9 Q?p

q (2n/a,)

I 500
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600 age
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Nature Physics 9, 468 (2013)
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Magnetically Mediated d-wave Superconductivity

THEORY
K. Miyake et al. PRB 34, 6554
(1986)
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Derive f-electron Band Structure ¢/ from E®P

momentum
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CeColng : Derive I(r) & I(q) from ¢/

momentum
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Hypothesize Measured I(q) = - V4:(q) for CeColnc
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Predict Superconductive Properties of CeColn,

Energy Gaps
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Agreement of Magnetically Mediated Theory / Variety of Expts.
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Magnetic f-electron Mediated Pairing in CeColn,
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YbRh,Si,
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YbRh,Si,
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Spectroscopy at 50mK
dE<50uV energy resolution
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2.4K data is very close to thermally broadened version of 50mK data
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30525A00

YbRh,Si,

High Energy Resolution QPI
T=30mK

Energy spacing = 125uV
Bias Modulation = 125 pV
Junction: -4mV@400pA (10MQ)
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30525A00

High Energy Resolution QPI
T=30mK

Energy spacing = 125uV
Bias Modulation = 125 pVv
Junction: -4mV@400pA (10MQ)
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YbRh,Si,

High Energy Resolution QPI
T=30mK

Energy spacing = 125uV
Bias Modulation = 125 pVv

Junction: -4mV@400pA (10MQ)
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QPI - 25mK vs 200mK
B=0
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YbRh,Si,
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YbRh,Si,
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YbRh,Si,
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