Angle resolved photoemission spectroscopy
Z}E g = 3f X Tf = Tf
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Photoemission spectroscopy

KAIST

2t X & 1)

O L

photon % , ¢
hv

XPS - X-ray photoemission spectroscopy
UPS - UV photoemission spectroscopy
ARPES - angle-resolved photoemission spectroscopy
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photon source energy analyser

hv
@ sample
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P27t 210 o2 SE — i) - |fy —=2|7} BB AE

Dipole transition
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AE

electron lens + electron prism

Input lens Slit Hemisphencal part

Outer hemisphere

I_ —— —— a-m
shutterstock.com « 1208267338 - ) y
Sample \ "

hemisphere electron analyzer

Inner hemisphere

AE Detector
el
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electron analyzer

photon

F(6, @ KE) # F(8, g, KE)

H2I5| = solid angle ‘S 2. 7f Of !

I(AI ST from Dr. 5.-K, Mo’s presentation
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“Universal Curve” of inelasfic electron mean free paths
M_P. Seah, WA. Dench Surf Interface. Anal. 1,2 (1979)
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ARPES+ surface sensitive techniqueO| C}!
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Y. W. Li et al., Phys. Rev. B 97, 115118 (2018)
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ARPES data plot &+
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ARPES data plot &+

o
I(kx, ky, BE) @kz0'+ AZ | ZF2/ Plot
o I(kx) Momentum Distribution Curve
327 data @fixed ky, kz, BE (MDC)
(a) Raw ARPES map (e) MDC

0.0F

:

=
o

E-Ep(eV)

&
w

s
—

k(A" k(A7)

Y.Hao et al., PRX9,041038 (2019)
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ARPES as a k-space microscope

Correlated system 2D materials Topological materials
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C. E. Matt et al., Nat. Comm. (2018) C
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J. M. Riley, et al., Nat. Phys. (2014)
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A. T 1 et al., PRX (2019
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Photoelectric effect in terms of quantum mechanics
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&A= = N particle system OfA] ZAFE 27 OF ZLF

2T 2
Transition rate Wri = 7 ‘(‘P}V |Hint|qjiN )‘ 0 (E;V — ElN o hv)

Sudden
approximation

WY W = AGRI = gl

l

Wi o ];i|M;§i\2§|cm,i\25(Ekm + EN-1— EN _ hy)

MEL" = [efa - ploh] AR(ow) = SRl U] 6(w — Ent + EY)

[k, Ein) = Ly = M () A” (k, ) ()

Matrix element Spectral weight: how electron moves

KAIST : symmetry info




M) A & + 9= &

I(K, Ein) = ]Zin,i ~ |[M(K)[?A™(k, w)f (w)

T T, T light polarization
M(k) =(flA-pliy=(fle-r[i) e-r=x
dipole approx.

ST} S/ 8F 0 4] Hf:2
7

M(k) = (2s|x|1s) =0 N
even odd even Matrix element =2 Ef Lif & gf+9/
symmetry & 2= 2 + Q/Lf
M(k) = (2p,|x|1s) # O
odd odd even
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with linear polarization,

barity information of initial state
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with circular polarization, . . . .
quantity related to inversion or time-reversal symmetry

A -

e-r=xxly

RCP o) e lcp=lrcp-lLcp
|mf= > | -
Right CP /
>m=m;+1 u
|m, =1)
LCP c) LCP

kx ([-M)
Left CP
>m=m — 1

Sign : relative direction
Size : relative OAM size

kx (F-M)
- S. R. Park, et al. Phys. Rev. Lett. 108, 046805 (2012)

Circular dichroism = OAM in the initial state

from Dr. S. Cho’s presentation
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More on M(k): Resonant photoemission

Resonant photoemission process Ex) Sr2VOsFeAs
€ e-
Energy Energy €e-
hv hy : \
N N BN
valence band valence band g \4 3P
£
- ) Element
h Z Specific
I — & o
core level core level E Information!
normal emission resonant emission Fe 3p
~ 2
[(K, Eyin) ~ [M(K)] 2
2.0 1.0 E,
T T T Binding Energy (eV
M (k) == (fle - 7|i) + (f|e - r|m){mle - r|core) g Energy (eV)

K. Horita et al., PRB 2017
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2/ Sf - ARPES technique Z/77

photon source \ energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J
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Synchrotron radiation Gas discharge lamp (He)

Magnetic Glas Tube Phosphor Electrons Mercury atom

& / I

zg;':,nngs Electrode (filament) Visible light UV-Radiation

Lens (7eV)

Flip-up power meter
(7eV)

Power meter (3.5 V)

Seed laser ~ |.2 eV

KBBF device on rotary stage
and 3-axis translation stage

high harmonic generation
(nonlinear crystal or gas)

VUV light 6 eV ~ || eV




22.07.14 7t57| &=

O = =
SH=9 5&

Gas discharge
VUV Laser lamp (He)g S)ll*r;zlri]alzcci)cti;lon

Off LA K] 6,7, 11 eV 21.2 eV 10 eV ~ 150 eV
MIZ| (flux) ~ 10'> photons/s ~ 10'! photons/s ~ 10'3 photons/s
Beam size ~ | um > 100 um >0 um
HadxH O X O
Continuous O O O
Pulsed light O X O (4MICh)
Coherency O X X (3MICH) / O (4XM|CH, KEA[CR)
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Laser ARPES
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Laser ARPES

255 Chopd 22 8137] o4 X| 7 =L}
“Universal Curve” of inelastic electron mean free paths
- M.P. Scah, W.A. Dench Swrf. Interface. Anal. 1,2 (1979) AZ 1 AkZl .
E 100E m
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(Laser based) Time resolved ARPES

Pump Pump Pump

Probe Probe Probe
' @ >t ' '@ .
DT =1p DT=0 DT =4us-3ps
Delay stage
Beam 6.7

profiler fs/um

Hemispherical %
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Temperature Flip
controller mirror | ]
r2
5 209 '
- - Sample R f
S _ <
- UHV analysis %
0 chamber BBO >
D 0.15mm =
- Tumped S R A2
A () 330
BBO 1 mm

From Lanzara group homepage
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Nano-ARPES

microARPES nanoARPES

beamsize: 30 ~ 200 um beamsize: 10 um or smaller

Zone plate or capillary

Analyzer

50 pm

nanoARPES breaks the limit of materials that can be studied by ARPES

Taken from Prof. K. S. Kim’s presentation
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Nano-ARPES

Optical microscope

Magnified view nanoARPES spectra

T Bilayer

graphene

nanoARPES

Binding energy (eV)

hex-BN

K

Excellent momentum resolution!

Taken from Prof. K. S. Kim’s presentation
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light engineering - vortex light

M(K) = (fA - pli) = (fle - i)

% HB-N
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spin angular momentum of light (polarization)

m=-1,0,1

orbital angular momentum of light (chirality of wave front)

m=....-3,-2,1,0,1,2,3,....
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2/ Sf - ARPES technique Z/77

photon source \ energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J
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v _EHZE & (single crystal),

&' Hf _
v 0)/ ] 5f5F (epitaxial thin film)
geometry
v 2D flake
: J F | HEE T} 2L0fore
v v Metal (good)
|l> B(kX, ky, kz & BE) V' _Semiconductor & insulator (possible)
Crystal axis v H#EHO 2Af T = JfZo]0fef

v Cleaving
v Cleaning (Sputtering, annealing, flashing)

\4
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The weakness of ARPES

@Unique crystal axis @Must be clean!!!

v Number of systems is limited

Total systems

v limited choice of control parameter

V' ARPES is too much direct

Doping
Pressure
Temperature

Magnetic field

Electric field

KAIST




as cleaved sample

Conduction band

Binding energy (eV)
ky (A1)

Y. Zhang et al., Nat. Nano. 9,111 (2014)
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electron

22.07.14 7=

T=70K

ky (A1)

T
0.4

ke (A1)

0.8

0.6

0.2
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| AF

HH LA = E

1 ML K overlayer

Fermi arc & d-wave node from insulator

(0,0)

T=10K

Energy (eV)

0.0

T
0.4

ke (A)

Y. K. Kim et al., Nature Phys. 12, 37-41 (2016)

Clean & pure doping

(in lucky case)

No impurity potential

Any or negligible
lattice distortion

Band gap tuning

0_2 dengify
ki o p@nt
"(A\1) 0-0 00

J.Kim et al., Science 349, 723-726 (2015)
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ISt type 2" type 3" type 4t type

bolt adjustment single piezo stack three piezo stack thermal contraction

Silver epoxy  Sample

'Borosilicate glass
|

|
|
] 3
|
|

Piezo stack
(5x3x2mm)
0.2x0.12x 0.08"
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Distorting the local lattice Symmetry breaking
Strain induced metal-insulator transition in CazRuO4 Berry curvature dipole induced by strain
T r— » / 0 (k)
el ! ' Vs _ dk
2 _1.510 Da — fBZ (271_)2 f(k) akaQZ
P
-1.7
~ . -1.9
%_ 2.0 -1.0 0.0
l,[IJ E-E¢ (eV)
w C 3

Intensity

04 0.2 0.0 b
ky (A1) E-E¢ (eV) ‘
S. Ricco et al., Nat. Comm. 9, 4535 (2018) L3 n
-1I.o -ol.s 0.0 ofs 1?0
ky (17A)
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2/ Sf - ARPES technique Z/77

photon source \ energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J
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electron lens + electron prism + electron detector

@ input lens Slit  Hemispherical part@

hemisphere electron analyzer I_,_- ooy

Outer hemisphere

Sample ™=
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Electron lens - k-PEEM

Contrast Aperture Iris Aperture in Second Iris Diame:
in back focal plane  firstimage plane  image plane

()

79.6 pm

real space

Sample PEEM Projection Energy Filter

2

momentum space

https://www pro-physik.de/sites/default/files/2019-05/PB_2019_24_27 pdf
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Electron Prism - Time of Flight

hemisphere electron analyzer

shutterstock.com « 1208267338

0.4 0.6 0.8 1.0

@ distance from sample [m]

D. Kiihn et al., J. Electron Spectrosc. Relat. Phenom. 224 ,45-50 (2018)
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Electron Detection - spin resolving
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_________________ | ™ channel
°°°°°°°°°°° Plate
target
. 2y o
$ = A 3} Strong SOC (Au, Ir, Pt)
CCD camera Ferromagnet (Fe)
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Spin-resolved ARPES

Rashba state on Au(l I I) surface
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v Electron self energy info. in ARPES spectrum

a 2/2f- ARPES 7/ & 2/ & V-
JME
VI EE Y =
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Thank you for your attention
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More discussion on A(k, @)

Fr —@— I(K, Exip) = fZin’i ~ [M(k)|?A™ (k, w)f (w)

A (k, ) = RPN e[| 8 (w — ENEY + EN)
m

V'N-1 particle systems O/ photo-hole S/ == O/ E 7 =7|=7f
v Photo-hole O/ &&=/ H = H 1 O/ E 7 &/ 252 & 5 B A{ decay o
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Information built in spectra

2T NG
Wr = 7‘(f|14 ‘ ’Pll)‘ O0(Ef — E; — hv)

AE - 0 At » o

(AEAt = )
1"2
Slw—w)=lm N T . s T .
r 1 1 1
Alw — w') = = —Im — =—ImGy(w — w")

T(w—-—w)2+T2 1 w—-—w+ill =«

Green’s function

1 1 1
Ak w) =—1 — = ——ImGy(K,
(k@) nmw—6k+lF an( 2
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Interaction information built in the self-energy

Non-interacting particle Interacting particle
1
Go(K, w) = :
ok @) w— €+ il W — €g T2
e life time self-energy

(complex function)

g’%\% (real number)

Ykw)=2"(Kw)+iZ'(Kw) =X, +Ze_pn + Zee

. B > (K, w)
Ak w) = ——ImG(K,©) = " 770 — g — 2/ (k )2 + 2 (K ©)]?
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Example: e-e interaction

d Low o High ACK, @) = 1 2" (k w)
, n [(1) — €k — El(kt w)]Z + [Z”(k, a))]Z
§ 5 —— Fermi liquid
3 § § ---- Fermi gas
L
> < 0.05
£ 3
C A—
2 3
= ™~
” £
02+ -~ < 0.04-
Fit curve TR s
03- m*~2.1mg o Data i
"Y1 n~20x10"cm™ — Fit curve r | | | |
[ [ [ I | I
04 00 04 Yy 00 010 008 E0_06 o_o\z; 002 000
. nergy w (e
k (A7) E-E (eV) gy w(ev)

I(AI ST S. Kim et al., under review
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Example: e-phonon interaction

Ak, @) = — 2 (kw)

Let’s consider an interaction with phonon o — e =T (ko) + 2K )]

[ — @)

Energy (hay)

Binding energy

0.25
0.20
0.15 —
0.10 -
0.05 max
I/
0.00 Z I
-10 -5
, ] min
-0.08 -0.04 0.00 -0.08 -0.04 0.00-0.08 -0.04 0.00
kk(A) kk(A) kk(A)

)

Kramers-Kronig relation, Hilbert transform r

I(AI ST I. M. Vishik et al., PRL 104, 207002 (2010)
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More on M(k): three-step vs. one-step model

M(K) = (f]A - pli) = (Fle - rli)

free electron Atomic state
three-step model one-step model
E 4 excitation trave! transmission E 4 excitation wave matching
into a bulk to the through the into a damped at the surface
final state surface surface final state
Ef "\/W'—’ /\/\/\/_ Ef ¥
@ ©) ® 7
hv hv
EI R aVAVAV, R Ei ........
7 - > 7
0 0
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