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Challenge — complex electronic orders

Jahn-Teller distortion charge density wave
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These orders interact such that small perturbations lead to large
changes in material properties.
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—Need a way to systematically study low lying excitations, to
gain insights on how these orders interact
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Modalities of ARPES

(@) hv (b) free dispersion (c) e-e correlation

g R e o

I e &

» 7y ]

/i 5 I i

g
44'p :6
.E = B /
1Y) = E¥) -
¥) = Hfree He—e |
electron parallel momentum
(d) e-boson coupling | |(e) spin-orbit coupling || (f) electronic ordering | |(g) wave function expansion
Er I |
A —
3 / ~
n‘:) | N
; |P1) |¢2)
£
£ - .
5
E(k) W)= Zcildi)

electron parallel momentum

Sobota, He, Shen, RMP, 2019



Angle-Resolved Photoemission Spectroscopy

K.M. Shen, Science 2005
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Science and ARPES Tool Development
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High-T_ Cuprate Superconductors
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Enhanced Pairing in [lUC FeSe on STO
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Electron-Phonon problem in Strongly Correlated Materials

a Frequency domain - progress and challenge
= Overview and Recent updates from cuprates

a Time domain - complementary tool
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Reasons to consider electron-phonon interaction in novel superconductor

a Direct spectral signature of mode coupling
o Chemical potential puzzle

o Single hole in AFM state

o Polaron signature

a Enhanced superconductivity

o Electronic phase diagram - From global entanglement to
Fermi liquid



Electronic Structure and Fermi Surface
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Coupling to a collective mode: e.g. phonons
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Angular Resolution: 2 degrees

Photoemission Intensity
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Better Resolution Reveals Electron Kinkiness in High-Tc Materials

Angular Resolution: 0.3 degree

EDC Intensity (A.U.)
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Better Resolution Reveals Electron Kinkiness in High-Tc Materials

Angular Resolution: 2 degrees Angular Resolution: 0.3 degree
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Energy (eV)

Zone edge
Half -breathing mode

LO phonon in LSCO at 70meV
(McQueeney et al., L. Pintschovius
and Braden).
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5 ) l. M.Vishik et. al., PRL 104,207002 (2010); Ph.D Thesis

Precision Measurement of the Node

Gap (meV)

0.00
Fundament
-0.02 .
thermodynamic
-0.04 4 Quantity
Y
L -0.06
w
i K A%
W -0.08 0 F
- q: -
-0.10
T V,
-0.12 UD55
I T [ T I T I 3
20 40 60 80x10°
ky (A
LU
"k '3
L
L[H ff
L3 UD65 Ub92
| | I | | | H | | | | I | | | | |

0 (°)

0 (°)

15 30 45 60

75 0

15 30 45

60 75
6 (°)

15 30 45 60 75 90
0 (°)



E-E. (meV)

(meV)
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E-E

Insight from simulation: Importance of Long Range Coulomb Interaction
Vishik, Johnston, Devereaux, Shen, LLu, Moore et al., Physical Review Letters, 104, 207002 (2010); 108, 166404 (2012)
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Change of the superconducting gap and character
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Emergence of the antinodal “dip”
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Evolution of the mode coupling “dip”’
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Coordinated change in EPC and correlation
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Phase Diagram
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Intensity (arb. unit)
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Two “gaps” for p < 0.19 (T~ 86 K)
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One gap for p > 0.19 (Tc ~ 81 K)
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ARPES — as a Many-Body Spectroscopy
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Electron-Phonon problem in Strongly Correlated Materials

a Frequency domain - progress and challenge
= Overview and Recent updates from cuprates

a Time domain - complementary tool
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Time-Resolved ARPES (trARPES)
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trARPES measurement - Bulk and Surface Comparison
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Band and momentum dependent response to lattice distortions

Coherent Phonons in Bi2212
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Band and momentum dependent response to lattice distortions

Coherent Phonons in Bi2212

Jpn. J. Appl. Phys, 27 (1988) L1290
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Pressure dependence of Superconductivity in FeSe
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How to quantify electron-phonon interaction in the presence of
strong correlation?
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Steps forward: quantifying electron-
phonon coupling in time domain

Time-resolved Time-resolved
ARPES XRD (via LCLS)
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A New Paradigm: Ultrafast “Lock-in"

, Lattice Displacement

Time

s
X-ray probe q;G
yp ES Electron Energy
Q F 3

}UUG“ Time

UV probe




Time-resolved X-ray diffraction measurement

60 UC FeSe/SrTiO,
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Comparison between trXRD and trARPES measurements
--- Orbital dependent coupling
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Fluence dependence — Linear Response Regime

e band1 N
15 &
— >
Eﬂ; EE), 10
N N
: 4
5
0 | | | 0
0.0 0.5 1.0 1.5 2.0 0.0

Fluence F (mJ/cm?)

» Linear-response regime: deformation potential not modified by the pump
S. Gerber*, S.-L. Yang* et al. Science, 357, 71 (2017)




Precision Measurement of Electron-Phonon
Coupling in Correlated Superconductor FeSe

Time Resolved X-ray Diffraction
Tracks Atomic Motion
0.8

Electron correlation

modulates the
deformation potential
by an order magnitude

leyzl AzSe
(meV/pm)

0.2 0.6
At (ps)

Time Resolved Photoemission
Mandal et al., Phys. Rev. B. Tracks Electron Energy Change
((?j 89, 220502 (R) (2014)
Uj S. Gerber*

, S.-L. Yang* et al. Science, 357, 71 (2017)



A less correlated material:

Quantify how topological states respond to lattice distortions

Time-resolved ARPES and time-resolved XRD on Bi,Te,
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Coupled Interactions — Relevance!

o Feedback loop of enhanced superconductivity
= Forwardly scattered phonons
= |nterface enhanced superconductivity

= Cooperative feedback loop and enhanced
superconductivity

= Incoherent (“entangled”) state sharply bounded by
vertical boundary

a Time domain provides new opportunity
= High energy resolution for bosons
= State and mode specific coupling
= Precision measurements



