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Abstract: <p>Everything around us, everything each of us has ever experienced, and virtually everything underpinning our technological society and
economy is governed by quantum mechanics. Y et this most fundamental physical theory of nature often feels asif it is a set of somewhat eerie and
counterintuitive ideas of no direct relevance to our lives. Why is this? One reason is that we cannot perceive the strangeness (and astonishing
beauty) of the quantum mechanical phenomena all around us by using our own senses. | will describe the recent development of techniques that
allow us to image electronic quantum matter directly at the atomic scale. As examples, we will visually explore the previously unseen and very
beautiful forms of quantum matter making up electronic liquid crystals [1,2]; hybridized heavy-fermions [3,4]; topological-insulator surface states
[5]; and high temperature superconductors [6,7]. We will discuss the implications for fundamental research, and aso for advanced materials and
new technologies, arising from the devel opment and application of these novel techniques .</p>
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Atomic-scale Antagonism between d-Symmetry Cooper Pairs
and d-Symmetry Density Waves in Underdoped Cuprates
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Atomic-scale Imaging of Dirac-Mass Configurations
in Ferromagnetic Topological Insulators
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Fermi Energy E; and Wavevector k;
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Fermi Energy E; and Wavevector k;

Degenerate electron gas
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Bosonic Superfluid of Cooper Pairs

Degenerate electron gas transition . Cooper-Pair Superfluid
to a lower energy statg o * Cooper-Pair Energy Gap A

BCS, Phys. Rev. 108, 1175 (1957) Bogoliubov, Nuovo Cimento 7, 794 (1958)
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SC Energy Gap A(k) «<—> Cooper Pairing Mechanism

BCS, Phys. Rev. 108, 1175 (1957) Bogoliubov, Nuovo Cimento 7, 794 (1958)
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Conventional Superconductivity
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Copper-based High-T_SC
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Physics of Unconventional HTS Superconductors
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Novel 'Intertwined’ Phases of Electronic Matter ?
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Gas — Fluid — Liquid Crystal
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Controllable Liquid Crystal States

Random molecular orientation Molecules aligned by electric field
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Controllable Liquid Crystal States
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Two Key Types of Liquid Crystal States
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Electron Gas — Electronic Fluid — Electronic Liquid Crystal

Increasing
interactions
& complexity

Electronic Liquid Crystal

Electronic liquid-crystal
phases of a doped
Mott insulator

S. A. Kivelson® , E. Fradkin' & V. ). Emery

Nature 393, 550 (1998).
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Electronic Liquid Crystals?
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Scanning Electron-Tunneling Microscopy (STM)
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Spectroscopic Imaging STM
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Spectroscopic Imaging STM

Topography

Rev. Sci. Inst. 70, 1459 (1999).
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Spectroscopic Imaging STM
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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 ) Atomic-resolution energy-resolved
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Technically Challenging!

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

lab floor level
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Davis Group Spectroscopic Imaging STM Systems

STM1 (9T/250mK) STM3 (1K->100K) STM2 (9T/10mK)
[ron-based HTS Copper-based HTS Heavy Fermion SC

Visiting scientists from UK, Korea, Japan, Taiwan, Canada, Israel, France, Italy,
Holland, Portugal, Germany, India, and several US Nat. Labs use our systems.

Rev. Sci. Inst. 70, 1459 (1999).
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern
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Quasiparticle Scattering Interference (QPI) Imaging
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Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern
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Quasiparticle Scattering Interference (QPI) Imaging

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

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

Pirsa: 15010080 Page 40/109




Quasiparticle Scattering Interference (QPI) Imaging

Interference Pattern =>  Maxima N(q,E) => k(E)=xq(E)/2
q(E)=2k(E) q(E)=2k(E)
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Direct Visualization of Electronic Quantum Matter

Nanoscale e-disorder

15 nm
Gapmap, B=0

Nature 414 282 (2001)
Nature 415 412 (2002)
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Science 297,1148 (2002) Nature 411,920 (2001)  Nature 465, 570 (2010)
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Direct Visualization of Electronic Quantum Matter

Phase Fluctuations Exotic Density Waves Dopant Atoms FeAs Intertwined Phases
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Science 296 455 (2002)  Science, 333,426 (2011)  Nature 442,546 (2006)  Science 336,563 (2012)
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Ultra Low Vibration Cryostat & Laboratory

Institute for Quantum Computing , U. of Waterloo (2015)
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Typical CuO, Phase Diagram
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Mechanism of High-Tc Superconductivity?
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Topograph

3

Nature 466, 374 (2010) Science 333,4526 (2011) Science 344, 612 (2014)
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Incommensurate Density Wave
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High-resolution Imaging Cuprate Broken-Symmetry States

Nature 430,1001 (2004) Science 315,1380 (2007) Nature 466,374 (2010) Science 344, 612 (2014)
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High-resolution Imaging Cuprate Broken-Symmetry States

Ca;qoNaj,,Cu0,Cl, ‘ Bi, ,S ryCay gDy, ,Cu,0,

Nature 430, 1001 (2004) Science 315, 1380 (2007) Nature 466, 374 (2010) Science 344, 612 (2014)
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Rotational Symmetry Breaking within CuO, Unit Cell
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Complex / Repeatable Patterns of IUC C, Breaking

Ca; ggNay ;,Cu0,Cl, BiZ.ZSrl.B(Ca'Dy)CUZOy

150 mV, 4.2 K

Nature 430,1001 (2004) Science 315, 1380 (2007) Nature 466,374 (2010) Science 344, 612 (2014)
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CuO, Lattice

Pirsa: 15010080 Page 54/109




d-Symmetry Form Factor Density Wave
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O, Modulates at Q,
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O, Modulates at Q,
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Unidirectional d-Symmetry FF Density Wave

Science 315, 1380 (2007)
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Copper-based HTS: Band/Gap Structure from QPI
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Copper-based HTS: Band/Gap Structure from QPI

Topograph
Nature 454, 1072, (2008)
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Copper-based HTS: Band/Gap Structure from QPI

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

Nature 454, 1072, (2008)
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Copper-based HTS: Band/Gap Structure from QPI

Nature 454, 1072, (2008)
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Copper-based SC Energy Gaps A, & Intertwined Phases

(0,-7)
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Nature 454, 1072, (2008) Science 315, 13
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IRON-BASED SUPERCONDUCTVITY
& INTERTWINED PHASES
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Typical FeAs Phase Diagram
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Mechanism of High-Tc Superconductivity?
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Ca(Fe,_ Co,),As, -- Excellent cryo-cleave surface

Topography FeAs-layer Reconstruction
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Quasiparticle Interference in ‘Parent’ State CaFe,As,

Topography
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Static electronic nanostructures ~8a,.. along a-axis

-29pA
22.3A~8ag,

Science 327, 181 (2010)
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Static 8a, electronic nanostructures rotate by 90 degrees

90pA

Science 327, 181 (2010)
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Discovery of Electronic Nematic Phase in Iron-Pnictides

Science 327, 181 (2010)
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LiFeAs Bogoliubov QPI g(r,E)

B2 x 92 nin ©

Science 336, 563, (2012)
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LiFeAs Bogoliubov QPI g(q,E)

AsAs -
direction

Science 336, 563, (2012)
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Band Identification : Correspondence to ARPES and
Quantum Oscillations
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[ron-based HTS: Band/Gap Structure from QPI

7.67 meV A

A(K)
Science 336, 563, (2012)
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[ron-based Energy Gaps A, & Intertwined Phases

A - 25K

(0,-7) 5 - y " .

Science 336,563, (2012) Science 327, 181.(2010)
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HEAVY FERMION SUPERCONDUCTVITY
& INTERTWINED PHASES
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Mechanism of ‘High-Tc¢” Superconductivity?
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Heavy-Fermion Formation (f-electron Hybridization)
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Heavy-Fermion Band Structure E*P
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Measure EZF for Heavy-Fermion Bands ?

Heavy-Fermion Scattering Interference Imaging with Millikelvin SI-STM
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Measure EZF for Heavy-Fermion Bands ?

Scattering
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‘light” band
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g(q,E) =»Heavy-Fermion QPI

Ug.99Thg 1 Ru,Si,

Density of States (arb.)

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

6. .
. CeCo(ln,_M ),

-

e T,
4 {4
e Cd| 8n

J

AFM Jo\}‘ 2
o 9

9

AFM SC

+SC

%c=3.78 A x (%)
Antiferromagnetic spin-fluctuations with g=(% % %)
T.=2.3K one of highest for any heavy-fermion SC

Strong evidence for anisotropic gap + nodes

But E*F and A“# unknown => pairing mechanism unknown
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Measure : f, / EP

glr.E) @ 250 mK FFT(g(r.B)(r.B)) @ 250 mK

Nature Physics 9, 468 (2013)
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o oC o,
Measure : &} / E%

a-band

( \
|

| B-band
\ f

Energy (meV)

high _
02 03 04

10.5 meV ' q (2r/a) q(2n/a)

Nature Physics 9, 468 (2013)
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« oC o, o,
Measure: gj / E@F / A%

g(r.E) @ 250 mK e g(q.B) @ 250 mK

Nature Physics 9, 468 (2013)
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Heavy-Fermion Superconductor : g / E’(;ﬁ / A}?B

(0,0)=(1,1)

0 (deg)

Nature Physics 9, 468 (2013)

Pirsa: 15010080 Page 93/109



Heavy-Fermion Intertwined Electronic Phases ?

I 300
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Heavy-fermion Energy Gaps A, & Intertwined Phases

(0,-7)

Nature Physics 9, 468 (2013)
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Distinct Fermi Surfaces

Superconductor

X )

(O,)

_
[

Pirsa: 15010080 Page 96/109



Distinct Antiferromagnetic ‘Hot Spots’

'
Superconductor :
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Distinct SC Gap Structure

Superconductor

(0,-77)

Nature 454, 1072, (2008)  Science 336,563, (2012) Nature Physics 9, 468 (2013)
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Distinct SC Intertwined Phases

Superconductor
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CONCEPTUAL FRAMEWORK LINKING AF, IP and SC
P,

I'he next step is to decouple Eq. (3) in the particle-particle
\q-f.,“‘—. ‘ “._. I ™ ™ Vi(k: p)t L.q. , ¥ (for Cooper pairing) and particle-hole (for charge and spin

J— | & — density wave and Pomeranchuk). The “first-instability-mode
, k.pa analysis” described in section I-11I allows us to determine the
oo . SN 3] functional form of the order parameter. However it does not
it : 3 fix the overall magnitude. Once the functional form is deter
where mined we use the mean-field Hamiltonians described in section
s I-111 to determine the energy gaps, lerm surface distortions,
l..kp‘ ’l""{"-k-q'k"l""‘k k)}
APa(p-a)(P = Q) * da(p)(P)} Determine using a single Hamiltonian
Here A is the total area, ¢ is the band eigen wavefunction (but different Fermiology)
in the orbital basis, and J(q) is the Fourier transform of .J | SC Order Parameters
FFon |iu‘i-»[l|ul based, iron-based, and heavy fermion upeln
conductors J(q) is taken to be an over all coupling strength I Q=0 IUC Order Parameters
log times the following form factors 1" Q#0 CDW Order Parameters
cos ky + cos k, (copper — based) IV Q#0 SDW Order Parameters
cos 0(cos kz + cos ky) + sin 0(2 cos kx cos ky)(iron — based for cuprates/pnictides/heavy fermions.
cos k, + cos ky,(heavy - fermion), (4]

Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ].C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Predict A, Energy Gaps

!['{’, \"\‘;gk|;¢\|k|-\‘_.’ \'H‘

a—

i
/ FeAs \

Concepts Relating Magnetic Interactio¥s, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Measured A, Energy Gaps
H.ry \_:’\_':n‘ll\";‘ulkl

ke s ]

(m.0)

TF Hoxe

RS

(0,-7) (0,-7) (0,~7)

Nature 454, 1072, (2008)  Science 336,563, (2012) Nature Physics 9, 468 (2013)

Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Predicted Q#0 Broken Symmetry (Density Wave) Phases
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Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Measured Q#0 Broken d-Form Factor Density Waves
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Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Predicted Q=0 Broken Symmetry (Nematic) Phases

SN ek)n. (k) + S Ji;S: - S

Pa—

-
/ FeAs \

Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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Measured Q=0 Broken Symmetry (Nematic) Phases

H,“' \L:,\‘”kmﬁlkl‘\"}' \H

—

k S j
_/ FeAs \ Celn

Science 327, 181.[ 2010)

Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ).C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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‘Unified’ Model Linking AF, IP and SC across HTS Materials

Temperature

Control Parameter

Concepts Relating Magnetic Interactions, Intertwined Electronic Orders and
Strongly Correlated Superconductivity, ].C. Davis & D.-H. Lee, PNAS 110, 17623 (2013)
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