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Abstract: Direct visualization of the electronic structure within each crystalline unit cell of a solid is a new frontier in condensed matter physics
(M.J.

Lawler et a, Nature 466, 347 (2010)). In thistalk, | will introduce the

techniques of spectroscopic imaging scanning tunneling microscopy (SI-& Atilde;A, & Acirc;& shy;& Atilde;& cent;& Acirc;A€8 Acirc;ASTM) and
then explain how our new application of this technique allows

visuaization of the
intra-& Atilde;A, & Acirc;& shy;& Atilde;& cent;& Acirc,A€8 Acirc;Asunit-& Atilde;A, & Acirc;& shy;& Atilde;& cent;& Acirc;AE& Acirc;A«cell
electronic structure. We use this

approach to study the pseudogap phase of cuprate high temperature superconductors. Recent experiments provide evidence that this phase may

be associated with spontaneously broken electronic symmetries. By studying

the Bragg pesks in Fourier transforms of SI-&Atilde;A, & Acirc;& shy;-STM images, and in particul ar

by resolving both the real and imaginary components of these Bragg amplitudes (as opposed to the Bragg intensities without phase information
which are the observables in scattering experiments), we revea the
intra-& Atilde;A, & Acirc;& shy;& Atilde;& cent; & Acirc; A€& Acirc;Aeunit-& Atilde;A, & Acirc;& shy; & Atilde;& cent;& Acirc;A€& Acirc;A«cell broken
electronic symmetries of the cuprate pseudogap phase

(J.P.Hinton et al, Science (2011)).
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Tip-Sample Tunneling Current
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Tip-Sample Tunneling Current
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Local-Density-of-StatesLDOS(E) Spectroscopy
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum ) Atomic-resoclution energy resclved
at single atom s LDOS (7, E)«< ¥(F,E)|

S1] 8]

Measure dJ /dV « LDOS(E) at every atom



L)

Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)

Atomic-resolution energy resolved
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Spectroscopic Imaging STM (SI-STM)

Atomic-resolution energy resolved
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Spectroscopic Imaging STM (SI-STM)
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Inset shows LDOS (E)spectrum

at single atom

Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
Inset shows LDOS (E)spectrum

at single atom
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum
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Measure dJ /dV « LDOS(E) at every atom



Spectroscopic Imaging STM (SI-STM)
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum

at single atom
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum 3 Atomic-resoclution energy resclved
at single atom LDOS (7, E)«< ¥(F,E)
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Spectroscopic Imaging STM (SI-STM)

Inset shows LDOS (E)spectrum y Atomic- resolution energy resolved
at single atom LDOS (7,E)< [¥(F.E)
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Direct Visualization of Complex Electronic Matter
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Direct Visualization of Complex Electronic Matter

Phase Fluctuations  Elecironic Nematic Depant Afoms FeAs SC
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Combined geometrical and electronic info.
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Combined geometrical and electronic info.

Topegraphic Speciroscopic
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Combined geometrical and electronic info.

Topegraphic Spectiroscopic
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Combined geometrical and electronic info.

Topographic Speciroscopic




Combined geometrical and electronic info.
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High-T_. Superconductivity




Copper-based / Iron-based High-T . Superconductors
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Underdoped CuO, Electronic Structure
from SI-STM
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
Science 313, 1380 (2007): Nature 454, 1072, (2008), Nature 466, 374 (2010)
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
Science 313,1380 (2007); Nature 454, 1072,(2008), Nature 466, 374 (2010)
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
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uprate electronic structure: two characteristic energy scales
Science 313,1380 (2007): Nature 454, 1072, (2008), Nature 466, 374 (2010)

ACRS




uprate electronic structure: two characteristic energy scales
Science 313, 1380 (2007): Nature 454, 1072,(2008), Nature 466, 374 (2010)
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Which symmetries do E<A, states exhibit?




QPI Signature of dSC Cooper Pairing

Scattering interference: particle-hole symmetric g (=E)£1,.7

Q. Wang & D.-H. Lee, Phys. Rev. B 67, 020511 (2003).
L. Capriotti D. J. Scalapine R. D. Sedgewick_ Fhys. Rev: 868 014508 (2003).
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QPI signature of dSC Cooper pairing
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Shrinking arc of homogeneous dSC Cooper pairing as p—>0
Nature 454, 1072, (2008)
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QPI signature of dSC Cooper pairing in PG phase?
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Comparison of d-wave QPI in SC and PG Phases

T=4K(0.1T,)

Science 325, 1099 (2009)
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Complete set of particle-hole symmetric dispersive
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Octet g,(E) modulations are all dispersive (E<Ay) in PG phase
Science 325, 1099 (2009)
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d-wave Cooper pairing signature E<A, - both phases
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What about E~A, pseudogap states ?
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E>Aq: Pairing Signature Disappears = qg = _QB;.Hgg and g = S
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Symmetry breaking is concentrated on pseudogap states E~A,
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Symmetry breaking is concentrated on pseudogap states E~A,
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Symmetry breaking is concentrated on pseudogap states E~A,
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Symmetry breaking is concentrated on pseudogap states E~A,
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Symmetries of E~A, states identical in SC and PG phase

Science 325, 1099 (2009) T
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Intra-unit-cell Symmetry Breaking
of Cuprate Pseudogap States
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E~ A, Static electronic structure breaks spatial symmetries
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E~ Ay Static electronic structure breaks spatial symmetries

Science 315, 1389 (2007)
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Intra-unit-cell C,-breaking at E~A,
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Intra-unit-cell C,~breaking at E~A,
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Study Bragg Peaks of FT images of PG States E~A,
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Sub-Atomic Phase Correction
Nature 466, 374 (2010)




Sub-Atomic Phase Correction
:Bragg peaks become single pixel within resolution
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Sub-Atomic Phase Correction
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Measure of C,-breaking O\ R
Nature 466, 374 (2010)

* .




Topograph T(r) maintains C, Symmetry

T(r) Nature 466, 374 (2010)
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Pseudogap states (simultaneous) strongly break C, symmetry
T(r) Nature 466, 374 (2010) Z(re= 1)
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C4,-breaking in O\ is specific to pseudogap states
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Intra-unit-cell C4-breaking at E~A; in underdoped BI2212

Nature 466, 374 (2010)
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Intra-unit-cell C,-breaking at E~A,

Science 313,1380 (2007): Nature 454, 1072, (2008), Nature 466, 374 (2010)




PG Broken Symmeitries: ARPES
Time-reversal (T) and 90-degree rotation (C,) breaking @ k=rn/a

Keminski, A. et al. Spontaneous breaking of time-reversal symmetry in the
nseudogap state of a high- 7_superconductor. Nafure416, 610-613 (2002).




PG Broken Symmetries: Elastic NS
Time-reversal (T) and 90-degree rotation (C,) breaking @ g=Qgqqq
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PG Broken Symmetries: Intra-unit-cell breaking of T, I
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PG Broken Symmetries: Intra-unit-cell breaking of T, I
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PG Broken Symmetries: Elastic NS
Time-reversal (T) and 90-degree rotation (C,) breaking @ g=Qgqqq
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Pseudogap Broken Symmetries: NS & INS

Incommensurate Translational & Rotational Symmeiry Breaking
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PG Broken Symmetries: Elastic NS
Time-reversal (T) and 90-degree rotation (C,) breaking @ g=Qgqqq
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Pseudogap Broken Symmetries: NS & INS

Incommensurate Translational & Rotational Symmeiry Breaking
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SI-STM Images contain BOTH
Intra-unit-cell and Incommensurate Components
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Electronic Smectic: Broken Translational & Rotational Symmetries

Science 313, 1380 (2007); Nature 454, 1072, (2008), Nature 466, 374 (2010)




Link Intra-unit-cell & Incommensurate
Symmetry Breaking ?
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Visualize C4-breaking component PG electronic structure
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Visualize C,-breaking component PG electronic structure
On(r)




Visualize C4-breaking component PG electronic structure
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Visualize C4-breaking component PG electronic structure
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Visualize ¢ = S component PG electronic structure
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Visualize § = S component PG electronic structure
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S component PG electronic structure
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Visualize § = S component PG electronic structure
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Measuring phase of smectic components

lPx (SI ; l') — i‘Px (Sx > r)jé‘?fﬁr{r}

ig_(r)
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$.(r) =tan (lm ‘¥, (S,;r)/ Re ¥, (S,51))
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Measuring phase of smectic components
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Measuring phase of smectic components
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Measured phase field ¢(r) for S, and S,

Px(r) e o, (r)




Fluctuations of C,-breaking 3O, (r)
+ locations of smectic 2n topological defects

5O, (r)=0,(r)-<O.(r)




Can we find a Ginzburg-Landau functional linking

q'Q to q=S states using the 2x defects?
O,(r) | “On(r')

”~

0.0043 I 0 0043

P.G. de Gennes, Solid Stafe



Reminder: Ginzburg-Landau free energy
at 2n topological defect in superconductor
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G-L functional leads to a particular type of C,-breaking
fluctuation linked to the smectic 2rn defect
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G-L functional leads to a particular type of C,-breaking
fluctuation linked to the smectic 2rn defect
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G-L functional leads to a particular type of C,-breaking
fluctuation linked to the smectic 2rn defect
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G-L functional leads to a particular type of C,-breaking
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oupling between g = Qgragg and g =S broken electronic symmetries
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oupling between g = nggq and G =S broken electronic symmetries
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Iron-based HTS




oupling between g = nggq and G =S broken electronic symmetries
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Iron-based HTS
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Ca(Fe, Co,),As, — Excellent cryo-cleave surface
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Ferropnictide Spectroscopic Imaging




Ferropnictide Spectroscopic Imaging
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Ferropnictide Spectroscopic Imaging




Ferropnictide Spectroscopic Imaging




Static electronic structures size ~8ag,-, along one axis

IV =50mV)=Ce = | LDOS(7,EME




QPI of delocalized states UD Ca-122




QPI of delocalized states UD Ca-122
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QPI of delocalized states UD Ca-122
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QPI of delocalized states UD Ca-122

Topography
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QPI of delocalized states UD Ca-122
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Mere orthorhombicity of crystal
will NOT produce this effect!




Nematic electronic structure is a bulk property
of underdoped CaFe, ,Co,As, near critical point

Science 327, 181 (2010)
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Nematic electronic structure is a bulk property
of underdoped CaFe, ,Co, As, near critical point
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Nematic electronic structure in underdoped

iron-based superconductors below critical point
Science 327, 181 (2010
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Transport anisotropy NOT due to crystal orthorhombicity

lemperature(K)

Nematic electronic transportin 122 ( highest signal at ~4%)

J.-H.Chu efal, Science 329, 824 (2010)
M. Tanatar ef a/, PRB 81, 184508 (2010)



AC(g) (arb.u.)

8a, Unidirectional Electronic Structures

» Triple-peak autocorrelation indicates a self-similarity
of ~8a._- all aligned along same axis



8a, Unidirectional Electronic Structures




8a, Unidirectional Electronic Structures




8a, Unidirectional Electronic Structures




8a, Unidirectional Electronic Structures

Data : g(r,E=37meV)(48x48nm?) Simulation: N= 12

glr) = E N(r— R;), N()=6G.(r)+ G, (r+d).
R;ER

G,(r) = |a-e <2 | mS.

- o = BB T o e - F s T



8ag, -, Electronic 'Dimers’
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8ag, -, Electronic 'Dimers
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8ag, -, Electronic 'Dimers’
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8ag, -, Electronic 'Dimers’
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Individual dimers are sometimes observed.




8a, dimer source: Co-dopant atoms ?

I(r +50mV")

y,

F. Kemper ef al, PRB 2009




8a, dimer source: Co-dopant atoms ?

I(r +50mV")

F. Kemper ef al PRB 2009




8a, dimers correlated with Co-dopant atoms

PR
S\,"‘i‘ Y z}h‘t"’ifﬁi
-,71:" t ‘ ;!'_" ’I‘\‘x ("’ :.":H

..! ; .-
1‘ < \" '

%’*‘ 5

._. ..1 1-




Electronic anisotropy produced by
Nematicity + 8ay Electronic Dimers ?
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8a, dimers correlated with Co-dopant atoms




Electronic anisotropy produced by
Nematicity + 8a, Electronic Dimers ?
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Cause of anisotropic QP Scattering Interference ?
E=1.0meV

Page 251/272




Cause of anisotropic QP Scattering Interference ?

E=+17 0meV

A, =18 (2x/ 3rere)

Page 252/272




Cause of anisotropic QP Scattering Interference ?
E=+29 OmeV
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Cause of anisotropic QP Scattering Interference ?

E=4 O0meV

Page 254/272




Cause of anisotropic QP Scattering Interference ?
=+14 OmeV
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Cause of anisotropic QP Scattering Interference ?
=+29 OmeV
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Consider readlistic scattering interference model
(all data from detwinned Ca122 crystals)




QPI vs. ARPES : Autocorrelation(A(kw
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QPI vs. ARPES : Autocorrelation(Ak w

Inconsistent
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0 meV

Autocorrelation of
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KA I3 Alla=es T BRA Mlbspimsesey o~ ~1 344



QPI vs. ARPES : Autocorrelation(Ak w

Inconsistent
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Autocorrelation of
Atk o) QPI Data
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Structure Factor in QPI

' = X -
’
( = imA(q.0)| |5e(@)
Plg.w)=— —|—ImA(g.w)| |d€e(g)|”
q 2 N | 1‘_ q : q

i ~ d*x i o

o€(g)= J —O€e(x)e F
J g

Resulting QP ‘bare’ QP Structure factor=

FFT( scattering potential )

from: Capriottiet al., PRB 68, 014508 2003

RA I All=ws T RKRA Mlbeimseses ~ ~1 M4



QPI vs. ARPES : Point Scattere
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QPI vs. ARPES : Dimer Scattere
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0 meV

QPI vs. ARPES : Dimer Scattere
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0 meV

QPI vs. ARPES : Dimer Scattere
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Quasiparticle interference patterns are
consistent with scattering by the proposed

8ag,-, electronic dimers



Anisotropy: Nematicity + Dimer-induced Scattering

Science 327,181 (2010); M P Allan & T-M Chuang ef a/ (2011)
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NATI
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Science 327,181 (2010): M P Allan & T-M Chuang e a/ (2011)
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0 meV

QPI vs. ARPES : Dimer Scattere
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QPI vs. ARPES : Autocorrelation(A(kw
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Electronic anisotropy produced by
Nematicity + 8a, Electronic Dimers ?
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8ag, -, Electronic 'Dimers’
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Individual dimers are sometimes observed.




