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Photoelectric Effect
Hertz 1887

* Photo-electric current from pollished metals L —"DO

* Threshold: only for v > v, that depends on metal, surface...

* Photocurrent ~ light intensity

* Energy of photoelectron does not depend on intensity

Einstein 1905

* Light comesin “quanta”: E = hv

[
o

1
* Prediction: Ex = Emvz =hv — ¢

Millikan 1915

* Confirmed and measured h with 1% accuracy.

MIT OpenCourseWare: The photoelectric effect
https://youtu.be/byEaU9ILHmw

Dr. Jorge S. Diaz: Millikan tests Einstein's Light Theory
https://youtu.be/fQzirkrXOxk
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XPS: X-ray Photoelectron Spectroscopy — Density of States (DOS)
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Kinetic energy (eV)

ARPES — natural extension of the Photoelectric Effect
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ARPES: Angle Resolved Photoemission Spectroscopy

pZ

hV=¢+EB+EK EK:%

Electron
analyzer

P =psiné

p” = hk” + hG

Fermi's golden rule

= 2T, . A 2
ARPES Image Tip = 5 |GIVIH| 6By — Bi & hw)

Sample Three step model



Fermi's golden rule

perturbation

2
Dy = <= |(FIH'[i) " p(Ey)

matrix element density of states
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One-step model

excitation
into a damped

wave matching
at the surface

final state

hv

----------

“Time-inverted
LEED state"

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correl14 /talks/sing.pdf

Three-step model
E A excitation travel transmission
into a bulk to the through the
final state surface surface

@

hv

Twd

W\~
@ ®

; > 7

courtesy of A. Damascelli
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mi{%‘éﬁﬁ? Step 1: Excitation in the solid Bops

E A excitation
into a bulk
final state

E |~ | )
E ‘ G .;.
d I
@ E hv f’,\&gx : 1
E 1" |
hv El-- -1 __\ch
= T 0 T kiG
a I da |
E, |-t~ | 1)

momentum conservation: only "vertical”

kp=ki+G+kgse,  transitions

for VUV excitation

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correl14/talks/sing.pdf



https://www.cond-mat.de/events/correl14/talks/sing.pdf
https://www.cond-mat.de/events/correl14/talks/sing.pdf
https://www.cond-mat.de/events/correl14/talks/sing.pdf

mﬁ'&ﬁ@ Step 2: Transport to the surface i

inelastic scattering of the photoelectron with

* other electrons

E A excitation travel L. )
into a bulk to the (excitation of e-h-pairs, plasmons)
final state surface

* phonons

E |V

@ @

hv —> generation of secondary electrons
"inelastic background"

intensity intrinsic spectrum
Ei AAS w background
: >/
Michael Sing. Introduction to Photoemission Spectroscopy 0 »E,;.

https://www.cond-mat.de/events/correl14/talks/sing.pdf
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I worzeore. Step 3: transition to vacuum Bop4

e conservation of wavevector component
parallel to surface, k;

 But: change of k, changes due to electron

E 4 excitation travel transmission . . .
infola bl-ulk to ;']e througlh t|l'le dlffl'actlon at SLIr‘face barrler
final state surface surface

e [y 2 -

S Y4

: -/
D source: E. Rotenberg

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correl14/talks/sing.pdf
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The k, problem

electron wave matching at the surface

E,

solid Evin

~

" vacuum

| \

final state dispersion
generally not known

kJ_ (ﬁK‘Ed k" - K")

A J

E ~ K2

K, (fixed K))

surface potential step

YYa

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correll4/talks/sing.pdf
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I WS The k, problem

pragmatic solution: free-electron final state model

E kin

E ~ K?

K, (fixed K,)

4

k, (fixed k; = K)

fep

surface potential step

‘_"kl

2

"inner potential” V,

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correll4/talks/sing.pdf
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I UVERSTT The k, problem

pragmatic solution: free-electron final state model

Ekin

E ~ K2

K, (fixed K;)

Vi

\{

k, (fixed k; = K))

Tepa

surface potential step

’—»k_,_
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"inner potential” V,

Michael Sing. Introduction to Photoemission Spectroscopy
https://www.cond-mat.de/events/correll4/talks/sing.pdf
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Kinematics of the photoemission process
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https://arpes.stanford.edu/research/tool-development/angle-resolved-photoemission-spectroscopy
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Electronic structure under the ARPES microscope:

electron states are quantized

2

DN
3|

N
Electronic band
structure : g(k)

EHepria enekTpoHa: ®

(Heisenberg and Pauli)

Electron’s momentum: k

dk = 271t/L




Fermi surface in 1D, 2D, and 3D

1D 2D
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The Fermi Surface Database

(click icons)

http://www.phys.ufl.edu/fermisurface/
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Quantum confinement
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ARPES data for atomically-uniform Ag films ARPES data on graphene multilayers
of 12, 16 and 20 monolayers (ML) grown on _
Si(111)-(7x7) substrates V. N. Strocov https://arxiv.org/abs/1801.07505

http://groups.mrl.uiuc.edu/chiang/Speer/Nathan%20J%20Speer/Umklapp-
Mediated%20Quantized%20States.html
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Electron energy (eV)

Structure of electronic spectrum

Spectral 1 ¥ (w)
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Structure of electronic spectrum
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Spectral function: EDC and MDC
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Progress in ARPES resolution
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Spectral function
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Kramers-Kronig (KK) transformation
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Kramers-Kronig transform

2 () =KK X"(w)

¥ (w) = %@dth“wD for |w| < wm, ") = _aw2 -|—Ci’
Emod(w) for |UJ| > Wi s 1+ u%

Kordyuk PRB 2005



Scattering rate: T- and x- dependence
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Scattering rate: 1=

Two channels
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Energy

Scattering probability

Energy conservation law: ®W{ + Wy, = W + W3

X' (w) ~ P (wq) P (w2)Po(wq + wy — w)

0 0
1
Z”(w)fvf DOS(wl)f DOS(w,) dw,dw, = sz
w

w—w1



Energy

Scattering probability
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0 0 1
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Landau Fermi liquid

G(k’ (_U) — Gcoh(k’ (_U) —I— Gincoh(ka (_U) t without interactions Fermi.

——  liguid
o N~

Ly

w—€k+?:/7‘k

Gcoh (k7 (.U) —

METHODS OF

QUANTUM FIELD THEORY https://arxiv.org/pdf/cond-mat/0103393.pdf
IN STATISTICAL PHYSICS

A A:Mbrikosoy, ). Corkov, &L E.Dryaloshinska Landau, L. D. The theory of a Fermi liquid. J. Exp. Theor. Phys. 30, 1058—-1064 (1956).

Revised English Edition Transiated and Edited by Richard A. Silverman




Landau Fermi liquid
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Electronic spectrum of quasi-2D crystals

elkok,) => Alwk,k)
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Aebi PRL 1994




Aebi PRL 1994
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PRB 2004


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

Electronic spectrum in
momentum-energy 3D space
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TiSe, - «excitonic insulator»
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Borisenko JoVE 2012



Fermi surface (energy distribution) map
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CDW y TaSe,: commensurate CDW state
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Valence band Conduction band Phonon spectrum EDC
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ARPES: Angle Resolved Photoelectron Spectroscopy

Electron
analyzer

ARPES

photo effect
+

analyzer
+

manipulator Sample

ARPES Image



Discharge Light Source with Quartz Capillary




Light Sources

1. Discharge light sources (UV lamps)
2. Accelerator based light sources: Synchrotron, FEL

3. Lasers



Discharge Light Source with Quartz Capillary S P£C S
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Discharge Light Source

TAN
with Quartz Capillary 173 at BESSY

Binding Energy (eV)

I' point of Bi,Te,, A topological insulator. Raw data
from PHOIBOS 225 2D-CCD with UVLS and TMM 304 at
T=70K.
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Discharge Light Source

173 at BESSY
with Quartz Capillary 32

SPEGas



hv -> Photoelectron escape depth + Matrix elements
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Energy

Photon energy — an important parameter

photon energy 81 eV

Momentum

"Waterfalls”

Energy
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Inosov PRL 2007, PRB 2008



Waterfalls in cuprates
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Ukraine *

] synchrotron workshop

at SOLARIS

2
K, (munits)

26.05 - 01.05.2025
1st beamtime at
SOLARIS at URANOS
Beamline of
KAU-IFW team




ARPES = AL
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e New direction:
time resolved ARPES,
XFEL



ARPES anatomy

1*1*1 = "13 ARPES"




ARPES with Synchrotron Light
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FeSuMa: Fermi surface tomography
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Time resolved ASRPES
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Shen Laboratory: Time-resolved ARPES

https://arpes.stanford.edu/research/tool-development/time-resolved-arpes
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Time-domain classification of CDW insulators

Mott insulator Excitonic insulator Peierls insulator
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S. Hellmann, ... K. Rossnagel, Nat. Commun. 3, 1069 (2012)



http://dx.doi.org/10.1038/ncomms2078

Time-domain classification of CDW insulators

Excitonic insulator

1T-TiSe, - «excitonic insulator»

S. Hellmann, ... K. Rossnagel, Nat. Commun. 3, 1069 (2012)
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Last year statistics of Ukrainians participation %}
thanks to Piotr Piwowarczyk
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1st edition of the Early-Stage Researcher programme: 2 young
researchers from Ukrainian received internships (at SOLARIS and HZDR). g
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2nd edition: 5 Ukrainian researchers applied. =2 F .

https://beamtime.eu/programmes-support/esrs/ ”J\i (
) g -

Twinning programme: 13 researchers of Ukrainian nationality are ¥<‘*;,F*}€‘ .

registered. Some have already completed visits to research WJ/'/:O“ g

infrastructures (at SOLARIS, DESY, and ILL), while others are ‘ *__ &
finalising the details of their visits.
https://beamtime.eu/programmes-support/twinning/

TNA: 31 researchers (SOLARIS, HZDR, HZB, DESY, and SOLEIL).
https://beamtime.eu/programmes-support/tna/



https://beamtime.eu/programmes-support/esrs/
https://beamtime.eu/programmes-support/esrs/
https://beamtime.eu/programmes-support/esrs/
https://beamtime.eu/programmes-support/twinning/
https://beamtime.eu/programmes-support/twinning/
https://beamtime.eu/programmes-support/twinning/
https://beamtime.eu/programmes-support/tna/
https://beamtime.eu/programmes-support/tna/
https://beamtime.eu/programmes-support/tna/

!
\

v

| S\
—

iR

\Vs,,_.




	Slide 1: Fundamentals of ARPES: mapping the electronic band structure  of solids
	Slide 2: Fundamentals of ARPES: mapping the electronic band structure of solids
	Slide 3
	Slide 4: Electromagnetic radiation spectrum
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18: Electronic structure under the ARPES microscope: electron states are quantized   (Heisenberg and Pauli)
	Slide 19
	Slide 20
	Slide 21
	Slide 22: Photoemission spectrum
	Slide 23: Structure of electronic spectrum
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32: Scattering probability
	Slide 33: Scattering probability
	Slide 34: Landau Fermi liquid
	Slide 35: Landau Fermi liquid
	Slide 36
	Slide 37
	Slide 38
	Slide 39: Electronic spectrum in momentum-energy 3D space
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52: ...travelling chamber
	Slide 53
	Slide 54
	Slide 55: ARPES = 
	Slide 56
	Slide 57: ARPES with Synchrotron Light
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67: Join USyNC!


  𝜈 >  𝜈 0


  ~  


  E = h 𝜈


   E K =  1 2 m  v 2 =


  h 𝜈 − ϕ


  h


   E k =   m  v 2 2 =    p 2  2 m


  p = ℏ k


   Σ  ′ ′ ( 0 ) = ℏ / 𝜏


  A  (  𝜔 , 𝐤 ) = −  1 𝜋   Σ ′ ′ ( 𝜔 )    ( 𝜔 − 𝜀  ( 𝐤 ) − Σ ′ ( 𝜔 ) ) 2 +   Σ ′ ′ ( 𝜔 ) 2


  M  (  𝐤 , n , h 𝜈 )   A  (  𝜔 , 𝐤 ) f  ( 𝜔 )


  A  (  𝜔 , 𝐤 ) = −  1 𝜋   Σ ′ ′ ( 𝜔 )    ( 𝜔 − 𝜀  ( 𝐤 ) − Σ ′ ( 𝜔 ) ) 2 +   Σ ′ ′ ( 𝜔 ) 2


   Σ  ′ ′  ( 𝜔 ) ~  ∫ 𝜔 0  D O S  (   𝜔 1 )  ∫  𝜔 −  𝜔 1 0  D O S  (   𝜔 2 )   d 𝜔 2   d 𝜔 1 =  1 2  𝜔 2


   Σ  ′ ′  ( 𝜔 )   ~    P e (  𝜔 1 )  P e (  𝜔 2 )  P e (  𝜔 1 +  𝜔 2 − 𝜔 )


   𝜔 1 +  𝜔 2 = 𝜔 +


   𝜔 3


   Σ  ′ ′  ( 𝜔 ) ~  ∫ 𝜔 0  D O S  (   𝜔 1 )  ∫  𝜔 −  𝜔 1 0  D O S  (   𝜔 2 )   d 𝜔 2   d 𝜔 1 =  1 2  𝜔 2


   Σ  ′ ′  ( 𝜔 ) ~  ∫ 𝜔 0  D O S  (   𝜔 1 ) 𝛿 (   𝜔 − 𝜔 1 − Ω )   d 𝜔 1 = D O S  (  𝜔 + Ω ) 𝜃  (  − 𝜔 − Ω )


     Σ  ′ ′  ( 𝜔 ) 𝜔 → 0


  Z =  1  1 + 𝜆


  Σ ′ ( 𝜔 ) ≈ −


  𝜆 𝜔

