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Occam's razor 

"entities should not be multiplied  
beyond necessity"  

Electronic band structure defines electro-
magnetic properties of metals  
(inc. “strongly correlated”) 



Plan 

• Electronic structure (intro 1)  

• … and ARPES (intro 2) 

• HTSC cuprates: ARPES on HTSC and electron-
spin interaction 

• TM dichalcogenides: electron instability and 
Fermi surface nesting 

• Iron-based superconductors: Fermi surface 
topology 

• Topological insulators: topologically 
protected surface states 
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Electronic structure  



A(ω,k) 

Spectral 
function 

Σ(ω,k) – self-energy 

Kordyuk PRB 2005 

Structure of electronic spectrum  

ε(k) – “bare” electronic 

band structure 
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ARPES spectrum: color scales 



ε(kx,ky) A(ω,kx,ky) 

Electronic spectrum of quasi-2D crystals 
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momentum-energy 3D space 

Borisenko JoVE 2012 

http://www.imp.kiev.ua/~kord/papers/box/2012_JoVE_Borisenko.pdf
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ARPES: Angle Resolved Photoelectron Spectroscopy  

Sample 

Electron 
analyzer 

ARPES Image 

ARPES  
= 

photo effect  
+ 

analyzer  
+ 

manipulator 



Photon energy – an important parameter 

„Waterfalls“ 
„Champagne 

glass“ 

Inosov PRL 2007, PRB 2008 



Waterfalls in cuprates 

Inosov PRL 2007 

http://www.imp.kiev.ua/~kord/papers/box/2007_PRL_Inosov.pdf
http://www.imp.kiev.ua/~kord/papers/box/2007_PRL_Inosov.pdf
http://www.imp.kiev.ua/~kord/papers/box/2007_PRL_Inosov.pdf


...travelling chamber 



ARPES anatomy 

hn 

e- 

1 meV & 10 m 

1 K & 0.1° 

1 meV 

0.1° 

1*1*1 = "13 ARPES" 

Borisenko JoVE 2012 

http://www.imp.kiev.ua/~kord/papers/box/2012_JoVE_Borisenko.pdf


ARPES =  

• New direction:  
time resolved ARPES,  
XFEL 

XFEL 

BESSY 
ELETTRA 

SLS 

analyzer + manipulator (106 €)  
+ sinchrotron 



European  
X-ray  
Free Electron 
Laser 

2009-2015:      ~ 1 000 000 000 € 

9 



HTSC cuprates 



HTSC cuprates: electron-spin interaction 
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Anti-ferromagnet – metal transition? 

What is “normal state”?? 

Pseudogap??? 

Mechanism of superconductivity????  



ARPES in HTSC problem 

Kordyuk PRB 2004 

Aebi PRL 1994 

Borisenko PRL 2008 

http://www.imp.kiev.ua/~kord/papers/box/2004_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2008_PRL_Borisenko.pdf


1994 



1994 

2004 

http://www.imp.kiev.ua/~kord/papers/box/2004_PRB_Kordyuk.pdf
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The most studied Bi-2212 



Damascelli RMP 2003 

Bogdanov PRL 2000 Borisenko PRL 2000 

Electronic structure of cuprates: FS topology 



Electronic structure of cuprates: large FS and 
bilayer splitting 

Kordyuk PRB 2002 

Bogdanov PRB 2001 

Feng PRL 2001 

http://www.imp.kiev.ua/~kord/papers/box/2002_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2002_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2002_PRB_Kordyuk.pdf


Band structure: TBF 

Kordyuk PRB 2003 

OD 69K 
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Bilayer splitting and peak-dip-hump (PDH) 





http://www.imp.kiev.ua/~kord/papers/box/2002_PRL_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2002_PRL_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2002_PRL_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2002_PRL_Kordyuk.pdf


Surface superstructure 
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Bi-2212 Bi(Pb)-2212 

“Pb or not Pb?” 
M. Golden 





http://www.imp.kiev.ua/~kord/papers/box/2004_PRL_Borisenko.pdf
http://www.imp.kiev.ua/~kord/papers/box/2004_N_Borisenko.pdf


Antinodal cut 



Interaction with the mode 

Borisenko PRL 2003 
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Interaction with the mode 

Kordyuk 2002 unpublished 
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HTSC  =  LDA  +  Self-energy (Σ) 
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What is the main reason for the self-energy  

(what scatters electrons), 

phonons 

or 

spin-fluctuations ? 



T > Tc 

T < Tc 

Kordyuk PRL 2006 Borisenko PRL 2003 

Node Antinode 

http://www.imp.kiev.ua/~kord/papers/box/2006_PRL_Kordyuk.pdf
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Introduction to the nodal spectra analysis 



Unadulterated spectral function 



Lorentzian to Gaussian 

Evtushinsky PRB 2006 

Voigt profile = Lor  Gauss 



Voigt fitting procedure 

Evtushinsky PRB 2006 



Energy dependence 

Evtushinsky PRB 2006 



Temperature dependence 

pseudo-gap 

no "arcs" ! 

Evtushinsky PRB 2006 
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Nodal scattering rate 

Kordyuk PRL 2004 



Scattering rate 

Kordyuk PRL 2004 



How Kramers-Kronig consistency works 

 

Why we believe it is applicable 

 



Bare Fermi velocity from the nodal spectrum 

'(w)KK''(w)



Kramers-Kronig transform 

'(w) = KK ''(w)  

Kordyuk PRB 2005 
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Kramers-Kronig transform '(w) = KK ''(w)  

Kordyuk PRB 2005 



"High-energy scale" 

Kordyuk PRB 2005 



Kordyuk PRL 2004; PRL 2006 

Self-energy structure: two channels  

http://www.imp.kiev.ua/~kord/papers/box/2006_PRL_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2006_PRL_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2006_PRL_Kordyuk.pdf


Kordyuk PRL 2004; PRL 2006 

the only channel which reveals 
some energy scale is critically 
doping dependent  
→ spin fluctuations  

Self-energy structure: two channels  

Doping level  x 

T
e

m
p

e
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re

 TN 

AF SC 
Tc 

http://www.imp.kiev.ua/~kord/papers/box/2006_PRL_Kordyuk.pdf


„Fingerprints“ story 

phonon DOS el-ph coupling constant Scalapino PR 1966 

“fingerprints" of the phononic spectrum 

in tunneling differential conductance 

by Rowell PRL 1963 



Modern momentum resolving techniques 

ARPES STS INS 

Sample bias (mV) 
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Spin-fluctuations and superconductivity  

Im G0(k,ω) Im G(k,ω) Im χ(q,Ω) 

D. Inosov et al., PRB 2007  

T. Dahm et al., Nature Phys 2009 

A. Kordyuk et al., EPJ ST 2010 

1. ARPES and INS  
    -> spin-fluctuations  

2. Тс ~ 150 К. 

ARPES INS 
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Formula of cuprates: 

http://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_NP_Dahm.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_NP_Dahm.pdf
http://www.imp.kiev.ua/~kord/papers/box/2007_PRB_Inosov.pdf
http://www.imp.kiev.ua/~kord/papers/box/2007_PRB_Inosov.pdf
http://www.imp.kiev.ua/~kord/papers/box/2007_PRB_Inosov.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_NP_Dahm.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_NP_Dahm.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_NP_Dahm.pdf
http://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf


Kordyuk et al. PRL 2002 
Kordyuk et al. PRB 2002 
Borisenko et al. PRL 2003 
Kim et al. PRL 2003 
Kordyuk et al. PRL 2004 
Kordyuk et al. PRB 2004 
Borisenko et al. Nature 2004 
Borisenko et al. PRL 2004 
Kordyuk et al. PRB 2005 
Kordyuk et al. PRL 2006 
Borisenko et al. PRL 2006 
Kordyuk & Borisenko FNT 2006 
Inosov et al. PRL 2007 
Inosov et al. PRB 2008 
Kordyuk et al. PRB 2009 
Dahm et al. Nature Phys 2009 
Kordyuk et al. EPJ ST 2010 

Electronic band structure plays crucial role in all electronic 
properties of HTSC: it determines the formation of both 
electronic and magnetic spectra, as well as the instabilities of 
the electronic system such as spin density wave and 
superconductivity 



Pseudogap in HTSC cuprates 
and 

electron instability and Fermi surface nesting 
in 2D metals in general 



Non-monotonic pseudogap in BSCCO 

Kordyuk PRB (2009) 

http://www.imp.kiev.ua/~kord/papers/box/2009_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_PRB_Kordyuk.pdf


2H-TaSe2 crystal structure, CDW transitions 

Se 

Ta 

a 
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b 

3.44 Å 

2.94 Å 

12.7 Å 

• 1st-order lock-in transition to a 3x3 commensurate CDW at TICC = 90 K  

90 K 

• 2nd-order transition to an incommensurate CDW at TNIC = 122 K  

122 K 

Normal  

state 

Incommensurate  

CDW state 

Commensurate  

CDW state 



CDW у TaSe2: commensurate CDW state 

Borisenko PRL 2008 

http://www.imp.kiev.ua/~kord/papers/box/2008_PRL_Borisenko.pdf


CDW у TaSe2: commensurate CDW state 

Borisenko PRL 2008 Craven & Meyer PRB 1977 

? 

http://www.imp.kiev.ua/~kord/papers/box/2008_PRL_Borisenko.pdf


Incommensurate CDW and normal state 
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T-dependence of the pseudogaps 

http://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf


Pseudogap in 2H-TaSe2 and Tb-BSCCO 
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Kondo Nature (2009) 

“Two-gap scenarion" 

SDW and superconductivity 
compete for the phase spase 

“FS nesting” 



1. HTSC  =  LDA +  PG  +  Self-energy  = 

2. Self-energy = CHARGE  + 

3.                   =                   

4. PG  =  Electron density modulation = 

  = incommensurate SDW 

QP 
spectrum 

SF 
spectrum 

QP 
spectrum 

Tc =  

150 K 

Conclusions on HTSC 



Nesting and ordering in other 2D metals 

Charge-orbital ordering  
in La0.5Sr1.5MnO4 

CDW and magnetic 
impurity ordering 
in dichalcogenides 

Nesting-driven  
magnetic ordering 

in rare earth silicides 

(π, π) electronic order in 
pnictides 
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Iron-based superconductors:  
Fermi surface topology 



Paglione & Greene, Nat. Phys. (2010) 

Iron-based superconductors (FeSC) 

11 
FeSe 
FeTe 111 

LiFeAs 
122 

BaFe2As2 1111 
LaFeAsO 

H.-H.Wen & S.Li Annu. Rev. Cond. Mat. Phys. 2011 

S.Nandi et al. PRL 2010 

BKFA 

http://www.annualreviews.org/doi/abs/10.1146/annurev-conmatphys-062910-140518
http://prl.aps.org/abstract/PRL/v104/i5/e057006
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Iron-based superconductors: electronic structure 



Fermi surface of BKFA 

Shimojima Science 2011 

Mazin & Schmalian 2009 

Tesanovic Physics 2009 

Ding EPL 2008 

Hu & Ding arXiv:1107.1334 

holes 

electrons 



Fermi surface of BKFA 

V. Zabolotnyy Nature 2009 

A. A. Kordyuk, J. Supercond. Nov. Magn. 2012 

http://www.imp.kiev.ua/~kord/papers/box/2009_PC_Zabolotnyy.pdf
http://www.imp.kiev.ua/~kord/papers/box/2009_N_Zabolotnyy.pdf


Fermi surface of LiFeAs 

Kordyuk, J. Supercond. Nov. Magn. 2012 
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Zabolotnyy 2011 
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FeSC: electronic structure and superconductivity 
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A. A. Kordyuk, J. Supercond. Nov. Magn. (2012) 

A. A. Kordyuk et al., Phys. Rev. B  83, 134513 (2011) 

http://www.imp.kiev.ua/~kord/papers/box/2012_LTP_Kordyuk.pdf


SC & SDW 

Kopaev & Rusinov Phys. Let. A 1987… 



SC & SDW 

Kopaev & Rusinov Phys. Let. A 1987… 



SC & SDW 

Yaresko 2011 



Conclusions on FeSC 

• 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. 

• 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.  

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

 



Topological insulators 



Topological insulators 

Philip Hofmann arXiv:1210.2672 



Topological insulators 

Hsieh Nature 2008 
Hasan RMP 2010 



Topological insulators 

Hsieh Nature 2009, Xia Nature Physics 2009 

Bi2Se3 

Franz Nature 2009 

Spin injector: Hugo Dil, PSI, 2010 



ARPES on Bi2Se3 

Bianchi Nature Commun. 2010 

+3h 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3 as seen by ARPES 



Bi2Se3   CuxBi2Se3 

Kordyuk PRB 2011 

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


Gating vs Charging 

(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, DEF, of the Fermi level, EF, of the sample under 
illumination in respect to its equilibrium position or to the EF 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 EF 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 

R1 >> R0, r 



Bauch, Hess 2010 

CuxBi2Se3 

rc =  



Anomalously enhanced photoemission from 
the Dirac point 

Kordyuk PRB 2012 

http://www.imp.kiev.ua/~kord/papers/box/2012_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2012_PRB_Kordyuk.pdf
http://www.imp.kiev.ua/~kord/papers/box/2012_PRB_Kordyuk.pdf


Conclusions on TI 

• We observe the effect of photoemission induced gating of the 

topological surface states on CuxBi2Se3 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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