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"entities should not be multiplied
beyond necessity"

Occam's razor

Electronic band structure defines electro-
magnetic properties of metals
(inc. “strongly correlated”)
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Electronic structure
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Structure of electronic spectrum
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ARPES spectrum: color scales




Electronic spectrum of quasi-2D crystals
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Electronic spectrum in
momentum-energy 3D space
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ARPES: Angle Resolved Photoelectron Spectroscopy
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Energy

Photon energy — an important parameter

photon energy 81 eV
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Waterfalls in cuprates
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ARPES anatomy
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HTSC cuprates



HTSC cuprates: electron-spin interaction
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ARPES in HTSC problem
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The most studied Bi-2212



Electronic structure of cuprates: FS topology
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Electronic structure of cuprates: large FS and
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Band structure: TBF
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Bare band structure
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Bilayer splitting and peak-dip-hump (PDH)
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Surface superstructure “Pb or not Pb?”
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Proposal for an experiment to test a theory of high-temperature superconductors
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A theory for the phenomena observed in copper-oxide based high-temperature superconducting materials

derives an elusive time-reversal and rotational symmetry-breaking order parameter for the observed pseudogap

phase ending at a quantum-critical point near the composition for the highest 7,.. An experiment is proposed

to observe such a symmetry breaking. It is shown that angle-resolved photoemission yields a current density

which is different for left and right circularly polarized photons. The magnitude of the effect and its momentum

dependence is estimated. Barring the presence of domains of the predicted phase. an asymmetry of about 0.1

is predicted at low temperatures in moderately underdoped samples.

I. INTRODUCTION

Despite twelve years of intensive experimental and theo-
retical studies of copper-oxide based superconducting
compounds.‘ no consensus about the fundamental physics or
even about the minimum necessary Hamiltonian to describe
the phenomena has emerged. One of the few theoretical ideas
which has clearly survived experimental tests is that at den-
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Cu-O compounds is the symmetery in region II of the so-
called pseudogap phase.

A systematic theor}-"\"' starting with a general model for
Cu-O compounds provides an answer to this question. Re-
gion II in Fig. 1 is derived to be a phase in which a fourfold
pattern of current flows in the ground state in each unit cell
as shown in Fig. 2. Time-reversal symmetry as well as rota-
tional symmetry is broken but the product of the two is con-

phase has been called the circulating-current
Quantum fluctuations about this phase are
ve MFL fluctuations. characteristic of region .
fluctuations oeneralized

nramate A7 ar
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A change in ‘symmetry’ is often observed when matter undergoes
a phase transition—the symmetry is said to be spontaneously
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Circular Dichroism in Angle-Resolved Photoemission Spectra
of Under- and Overdoped Pb-Bi2212
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We use angle-resolved photoemission with circularly polarized excitation to demonstrate that in the
5 > 1 superstructure-free (Pb, Bi), Sr,CaCu, 05 5 (Pb-Bi2212) material there are no signatures of time-

reversal symmetry breaking in the sense of the criteria developed carlier [Kaminski ef al., Nature

(London) 416, 610 (2002)]. The dichroic signal retains reflection antisymmetry as a function of
temperature and doping and in all mirror planes. precisely defined by the experimental dispersion at
low energies. The obtained results demonstrate that the signatures of time-reversal symmetry violation
in pristine Bi2212, as determined by angle-resolved photoemission spectroscopy, are not a universal

feature of all cuprate superconductors.
DOI: 10.1103/PhysRevLett.92.207001

The variety of specific points, lines, and regions in the
“normal state” part of the phase diagram of the high-
temperature superconductors clearly demonstrates not
only its complexity but also the absence of its detailed
understanding [1]. It is therefore important to realize
which of them are really universal boundaries of particu-
lar phases and which just designate intermediate states
with properties defined by the proximity to the well
established phases such as superconductivity. A recent
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pristine Bi2212, the dichroic signal is non-
zeroin the I'-(,0) plane.

This result can readily be explained. The
superstructure results in diffraction replicas
of the electronic structure seen in the
momentum-distribution map (Fig. 1b] as
green and blue dashed curves. Because of the
pronounced inequivalence of the matrix
elements in the first and second Brillouin
zones, the spectral weight of these replicas is
always different near the (m,0) point.
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Interaction with the mode
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Interaction with the mode
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Energy

HTSC = LDA + Self-energy (2)
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What is the main reason for the self-energy
(what scatters electrons),
phonons
or

spin-fluctuations ?
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Introduction to the nodal spectra analysis
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Unadulterated spectral function



Lorentzian to Gaussian

Voigt profile = Lor ® Gauss
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Voigt fitting procedure

a| Bi-22120P 90K, T=7?K
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Energy dependence

0.03 —

0.01 —

a

Bi-2212 OP 89 K

T=30K

B Kordyuk PRL 2004
A W
O Koralek PRL 2006

I
-0.05

| [
-0.10 -0.15
o (eV)

0.03 —

0.00 —

A

A OP89K T=30K A@

A OP8IK T=110K E

® OD75K, T=90K

0.00

-0.05 -0.10

o (eV)

-0.15

Evtushinsky PRB 2006



Temperature dependence
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Impurity scattering
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Nodal scattering rate
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Scattering rate
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How Kramers-Kronig consistency works

Why we believe it is applicable



Bare Fermi velocity from the nodal spectrum
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Kramers-Kronig transform
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Kramers-Kronig transform () = KK XZ"(m)
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"High-energy scale”
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Self-energy structure: two channels
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Self-energy structure: two channels
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»Fingerprints“ story

Pb-Pb junction at 1.3°K

+ve I
d21 o PR\ i
L R VA L
-ve ¥ t

“fingerprints" of the phononic spectrum
in tunneling differential conductance
by Rowell PRL 1963

0 1 2 3 4 5 6 7 8 9 10
(V—A) IN MILLIVOLTS

BROCKHOUSE 11T AND 100T 100T 1107, 100L 10Tz 110L 100L 111L
ET AL 3.68 458 517 768 8.35 8.68 8.93 9.03

We

|
Alw)=——- dw'
(w) 7@ ), RE{

Aw’)
(@2— 22w

}[Ie; (' @)~ N (O]

wf

(2 — 22 (W))"

[1—Z(w) o= [ﬂ " Re{ }K- (@ )

° 1 1
Ki(w,w')=¥/ dvaf(v)F;(v)l: :|

+
[ Q—v%—iﬁ o' —wtv—18

el-ph coupling constant phonon DOS Scalapino PR 1966



Modern momentum resolving techniques
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Spin-fluctuations and superconductivity
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Pseudogap in HTSC cuprates
and
electron instability and Fermi surface nesting
in 2D metals in general
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2H-TaSe, crystal structure, CDW transitions
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CDW y TaSe,: commensurate CDW state
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CDW y TaSe,: commensurate CDW state
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Incommensurate CDW and normal state
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T-dependence of the pseudogaps
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Conclusions on HTSC

HTSC = LDA+ PG + Self-energy = QP

spectrum

Self-energy = CHARGE +

— QP (] D TC —
spectrum 150 K

PG = Electron density modulation =

= Incommensurate SDW



Nesting and ordering in other 2D metals
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Iron-based superconductors:
Fermi surface topology



Iron-based superconductors (FeSC)
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Iron-based superconductors: electronic structure
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Fermi Su rface of BKFA S o Calculation Experiment
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Fermi surface of LiFeAs
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DOS

BFA: density of states
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FeSC: electronic structure and superconductivity
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SC & SDW
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SC & SDW




SC & SDW

k=0

Yaresko 2011



Conclusions on FeSC

e The band structure of Fe-SC is well captured by LDA
but do not take it too literally. The calculated Fermi
surface is usually bad starting point for theory.

e Main contributors to SC are dxz,yz electrons and Tc
for different compounds seems to correlate with the
position of the Van Hove singuliarities (Lifshitz
transitions) for the xz- and yz-bands.

e Both the renormalization and SDW do increase the
DOS at the Fermi level for dxz,yz- electrons.



Topological insulators



Topological insulators

Z . .
normal inverted z normal inverted

Philip Hofmann arXiv:1210.2672



Topological insulators
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Topological insulators
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ARPES on Bi,Se,

a After cleaving, without 2DEG b With 2DEG
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Bi,Se; as seen by ARPES
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Bi,Se; as seen by ARPES
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Bi,Se; as seen by ARPES
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Bi,Se; as seen by ARPES
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Bi,Se; as seen by ARPES
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Bi,Se; as seen by ARPES
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http://www.imp.kiev.ua/~kord/papers/box/2011_PRB_Kordyuk.pdf

Gating vs Charging

AE.=0
AEF= AEB AEF?‘—' AEB AEB¢ O

(a) “Charging” of the whole sample due to absence of a good Ohmic contact between the surface of
the sample and an electron analyser appears as a shift, DE,, of the Fermi level, E,, of the sample under
illumination in respect to its equilibrium position or to the E; of the analyser.

(b) The most general case: the light induced photovoltage does both affect the surface charge region
and create the charge of the sample.

(c) “Gating”: in case of a highly conductive surface (and poorly conductive or insulating sample
volume), its Fermi level remains equal to E; of the analyser and the only observed photovoltage effect
is the surface states gating.


http://www.imp.kiev.ua/~kord/papers/box/2011_PRB_Kordyuk.pdf

Instead of a model
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Anomalously enhanced photoemission from
the Dirac point
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Conclusions on TI

We observe the effect of photoemission induced gating of the
topological surface states on Cu,Bi,Se; that may stimulate the use
of the topological insulators in electronics.

The observed enhancement of the effect by Cu intercalation shows
the way to control it from the material side.

While the peculiarities caused by the presence of the topologically
protected surface states have to be understood, the very fact that
the photovoltage effect has been observed directly for the
compound in which the surface states dispersion can be measured
In details and controlled opens opportunity to study the microscopic
mechanisms of the surface photovoltage effects on semiconducting
surfaces and interfaces.

Detailed dependences of the effect on temperature, doping, and
flux intencity are needed to make a model.
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