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Outline:

* Basics

* PES theory I: (mainly) independent electrons

* PES theory Il: many-body picture

* Case studies — towards higher photon energies
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I wirzsore'. The photoelectric effect op4

A N
(H. Hertz 1886, W. Hallwachs 1888, ® «NN\\NN
P. Lenard 1902) o | WV
L ) light of
measure kinetic energy of photoelectrons frequency v

in retarding field I Q
phot
1 %4

experimental observations:

* light intensity increases I, , but not E}70* E
(contrary to classical expectation)

* instead: Ey;, depends on light frequency v

E;;, < v — const

0
Lighi Froguaruy
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I WEESTT The photoelectric effect

Theoretical explanation by A. Einstein (1905):
QUANTIZATION OF LIGHT

\nn. d. Phys. 17, 132 (1905):

A. Einstein Ekm — h V — (D

Nobel prize 1921 \
Planck’s

constant photocathode
workfunction
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Photoelectron spectroscopy

energy conservation:

electron

K.M. Siegbahn
analyzer _

Nobel prize 1981

Ekin ZhV—EB -

Ekin“‘ Spectrum

; Valence Band

)
Sample Core Levels

> N(E)

hv




I WVERSTT photoelectron spectroscopy: ESCA Bopd

energy conservation: Ein=hv-Eg—®

—> Electron Spectroscopy for Chemical Analysis

K.M. Siegbahn o Fe;0, composition
Nobel prize 1981 Fe2s (magnetite)

Intensitat (bel. Einheiten)

OAuger /
Fe,ﬂ\uger MI !
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m}(%’éﬁ'éf Photoelectron spectroscopy: ESCA

K.M. Siegbahn
Nobel prize 1981

energy conservation:

Ekin :hV—EB -

—> Electron Spectroscopy for Chemical Analysis

INTENSITY (arb.units)
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CHEMICAL SHIFT (eV)

chemical shifts
in C 1s spectrum of
ethylfluoroacetate
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I wirzsore. Photoelectron spectroscopy: valence bands Mep4

TiOCI

Intensity (arb. units)

electron
analyzer g

O2p/Cl3p

M ] M M 2 » y 1
-6 -4
E - i, (V)

-10 -8

hv

single crystal
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mk’i’éﬁﬁf Angle-resolved photoemission (ARPES) ep4

measure energy and momentum of the photoelectrons:

photon source energy analyser
Ekln' 0, P — K
with
. 1
K| = =/ 2mEin
hv o fy '
\ ) .f —_ .
N/ K, = |K| sinf cos¢
L[ Lo .
i K, = |K| sinf sing
sample -
N : .
. K, = |K| cosb
vacuum conservation laws solid

Eyin = hv — |[Eg| — ¢

Elcin » ~ i i »

K K=k (+kphoton) k

Ep
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m‘é%‘éﬁﬁf Angle-resolved photoemission (ARPES) Tep4

measure energy and momentum of the photoelectrons:

energy

example:
Au/Ge(111)

- k-space band structure mapping: band dispersions, Fermi surface, ...
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Angle-resolved photoemission (ARPES)

Example: Cuprate-High Tc superconductor -

Angle (momentum)

EDC

L
Pl it T N,

L
RVERT \"n.\. i ‘-\.\\\__

phor P S N NN N
SN SoN—
s \p‘\-\rm-\\ﬁ, s 1 ._\\‘ —

i
e,

2D Pb-BSCCO (Bi,Sr,CaCu,0O4. ;)
momentum distr. curves

MDC

I(k, 2)

2000

Binding energy

gt :}\ ‘N.:'\ :t\'\.,__‘ i

\
Ay P
w\\.-l“ﬁ\.:

Binding energy (eV)

T . T p T J L
04 02 00 03 04 05
Momentum (A1)

Borisenko et al., Phys. Rev B 64, 094513 (2001)
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(mainly) independent electrons
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I heeere” Fermi's Golden Rule

starting point for theoretical description of PE process:

effect of photon field is weak perturbation

> Hamiltonian: H = HO + ﬁinte—iwt

[\

unperturbed operator of time-dependent
system perturbation (radiation field)

unperturbed system (electrons in atom, solid):

ﬁ0|n) = E,|n)  with known eigenstates |n) and eigenenergies E,,

perturbation (photon field):

-

—iwt
Hinte

S

epd



I heeere” Fermi's Golden Rule

time-dependent perturbation theory

transition rate from initial state |i) to final state |f) of the unperturbed
system H,, due to perturbation H;,,e 't is:

2T _
Wing = == [(F | Aine| D" 8(Ef = E; = heo)

/ \

transition energy
matrix element: conservation!
* k conservation

e symmetry

epd



I heea” Fermi's Golden Rule Bepa

Perturbing radiation field: What is H;,,;?

describe by vector potential of a classical* electromagnetic plane wave:

A7 t) = Agel@7-ob)

—

- electric field:  E(7,t) = —%/T(F, t)

> magnetic field: B(#t) =V x A(7,t)

N.B.: V- A(7t) = divA(# t) = 0, if photon wavevector ¢ 1 /TO

true in vacuum and deep in the solid (transverse wave), but not
necessarily at the surface due to discontinuity in dielectric constant &
—> surface photoemission see, e.g., Miller et al., PRL 77, 1167 (1996)

*classical description ignores quantum nature of photon,
justified for sufficiently low photon intensities (= VUV-laser, FEL ?)
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I heeere” Fermi's Golden Rule opd

Perturbed electronic system (consider only single electron: independent
particle picture!):

AN S
canonical replacement in unperturbed Hamiltonian: p - p — eA

. A 5\ 2 N
éHzi(p—eA) + V()
2m describes two-photon processes,

- > 2 R iation fi
_ jn(_ihv G t)) V() can be neglected for weak radiation fields

2
e” -

i AZ

A - e - A
_).A _A -
Zmp 2m p+ 2m

Y Y

J
A-p 5 (-ibP7A)

2m

= 0, except possibly at surface !

~ —~ e iRl 3 7 of the form H...,e "'?t to be
> HaHi—=eWT(A, - e Lwt ' int
0 ( 0 p) used in Fermi's Golden Rule!



I heea” Fermi's Golden Rule Bops

back to Fermi’s Golden Rule

2T ~
Wing = == [(F | ine |0} 6 (B7 = E; = heo)

for the transition matrix element we now obtain:

M;r = (f|ﬁint|i) = (f| e‘ﬁ'F/TO ;3’ |l) , or expressed in "real" wave functions:

e
m

My = —=[d®r o} () 77 (4y - p) P:(P)
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I wirnzsore Matrix element and dipole approximation ep4

e - id- v (A 3 -
My === [ & 97 @) 7 (do ) i)

length scales:

* the matrix element can be viewed as spatial Fourier transform (e'4")

* the wavefunctions (atomic orbitals or Bloch waves) oscillate rapidly on atomic
dimensions (~A)

» the photon wave e'@" probes length scales of order 1 = 21 /|q| which for
VUV radiation is large compared to atomic dimensions, e.g.:

hv= 212eV —>1=584A (VUV)
1.486 keV —> = 8.3 A (XPS)
o ..o\e C\Y
6keV > = 2.0A (HAXPES) Aip©

— expansion of the plane wave (generates-et7magn. multipole moments):

with g - 7'~ ZN% « 1 for VUV radiation



I worzsore. Matrix element and dipole approximation Beps
- simplified matrix element:

M;r = —% d*r 5 (4 - p) Y@

Ef_Ei

ELFL 7 10

Using the guantum-mechanical identity (f| 5’ |l) =im
the matrix element can be further transformed into:

Ef - El - 3 % 7> N -
— Ao - | dPrypp @) [ef] i)
\ﬂ—l
electrical dipole operator

Mif — —l

- selection rules, polarization dependence
—> dipole approximation valid only up to VUV energies

— at higher photon energies (XPS, HAXPES):
el. guadrupole/magn. dipole contributions increasingly important !



I wirzsore. Fermi’s Golden rule and the one-step model bpa
photoemission intensity determined by transition rate:
2T Y
Wiy = (Vo - B1)” 6(E — E — ho)

What are the initial and final states?

One-step model:

E L oxcia _ final states: "time-inverted LEED state"
excitation wave matching
into a damped at the surface . lz =
PSS - in vacuum: free electron wave e""*f

- in the solid: matched to high lying Bloch waves,
damped by e-e scattering
- energy Er and wavevector l_éf

initial states in the solid:
ke (D)e

- energy E; and wavevector k;

- bulk Bloch waves u
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I wirzsore. Fermi’s Golden rule and the one-step model Beps

more on one-step theory of PES

A » lecture
\/ by Jan Minar
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I wirzsors One-step model vs. three-step model epd

One-step model Three-step model
E A excitation wave matching E A excitation travel transmission
into a damped at the surface into a bulk to the through the
final state final state surface surface

e 2 AW
@ @) ©,

hv

>/

0

courtesy of A. Damascelli



I UNVERSITAT Step 1: Excitation in the solid Beps

2T 2> 3.
winr =\ F1A-B11) 8(E; - B - ho)

E A excitation
into a bulk
final state

E [~ | )

E \(,’I
© £ Y
A
hv - _\ch
c % ki|+G |
E [N\ | l ) momentum conservation:

_ S only "vertical"
ki =ki +G + %n transitions

for VUV excitation




I wirzsore Step 2: Transport to the surface

E A excitation
into a bulk
final state

travel
to the
surface

E, [ nne—

@

hv

@

S
;.ep4
inelastic scattering of the photoelectron with
* other electrons
(excitation of e-h-pairs, plasmons)
* phonons
- generation of secondary electrons
"inelastic background"
intensity intrinsic spectrum

A

w background
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I wirzsore Inelastic background op4

. intensity intrinsic spectrum
Shirley background

w background
background at energy E proportional to intrinsic
spectrum integrated over all energies E' > E:

> By

E !/ /
Ip(E) = [ " dE" I (E")
can be viewed as convolution with step-like loss function L(E) = Im% ;

+ oo ! ! /
Ipc(E) = f_oo dE" Io(E")L(E — E") > E

0

Tougaard background
loss function will generally have structure due to _1

interband transitions, plasmons, etc. I

m
e(E)
use phenomenological model or determine loss _/\_/\
> E

function experimentally (EELS)




I wirzsore Step 2: Transport to the surface

E A excitation
into a bulk
final state

travel
to the
surface

E, [ nne—

@

hv

@

S
;.ep4
inelastic scattering of the photoelectron with
* other electrons
(excitation of e-h-pairs, plasmons)
* phonons
- generation of secondary electrons
"inelastic background"
intensity intrinsic spectrum

A

w background




I wirzsore Step 2: Transport to the surface

E A excitation

travel
into a bulk to the
final state surface
Ef "’\/\/\/"—>
hv
El =a /\/VV ..........

inelastic scattering of the photoelectron with

* other electrons
(excitation of e-h-pairs, plasmons)

* phonons

- generation of secondary electrons
"inelastic background"

- loss of energy and momentum information
in the photoelectron current:
inelastic mean free path 4

>/

epd



m\&‘éﬁ'{f Mean free path and PES probing depth

IS L B I I A I LN A L I A AL B B L I IR
- "universal curve" ® experimental data] |
i - - - guide to the eye
1000 |5 _
C e .
[ S . : ]
g2 | e typical PES energies |
£ " 10..1500eV
Q. 100 :_ \Q..O . —:
5 E Y ]
*g : \'... ..o _- :
-~ e® _§
g | #\\ - TR 1
S s NS ¥ §
Y= . o 3800
S 10 . een tat 2:*‘?‘,?’ =
- RN A T B ]
3 e L 1 >21=2..20A
I s | —> PES probing depth: ~34
43 —5 (95% of the signal)
_. PETTTTI MR TN A | III...[.....I....I [ 1T ||I||J!|||u||u|| 11 llIII ......... Toiasl | 11 IIII _.
0 1 2 3 4 . . .
L e 10 10 10 PES is surface-sensitive

kinetic energy (eV H
gy (eV) on atomic length scales !

data taken from: M. P. Seah and W. A. Dench, Surface and Interface Analysis, Vol. 1, No. 1, 1979



I wirzsore. Step 3: transition to vacuum Bepa

e conservation of wavevector component
parallel to surface, k;

e But: change of k, changes due to electron

E A excitation travel transmission . . .
into a bulk to the through the diffraction at surface barrier
final state surface surface

: R

O source: E. Rotenberg
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electron wave matching at the surface

E, solid Eyiny  vacuum surface potential step
™ . ® k.
final state dispersion
generally not known .o
E ~ K2

EVCIC
h \ K, (fixed K))

kJ_ (fixed k” = K”)
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I WVERSTAT The k, problem epd

pragmatic solution: free-electron final state model

Ekin surface potential step

G—’kl_

i

K, (fixed K,) "inner potential" V

V( )

\ 4

kJ_ (fixed k” = K”)



[ V0555 The K, problem

pragmatic solution: free-electron final state model

kinematic relations

( 2m ;
Kinit = Kout 1 = “/h—z Eyin SIN Oyt

2m
L I(in,L :\/hz (Exin cos® Oout +Vo)

- k, uniquely determined from measured data: Ey 1, 0oyt
but need to know inner potential V, (from band theory, k-periodicity)

Yep4a
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I ”wuaz.-suae'Summary: ARPES in the indep. electron approx. ﬂ

measure energy and escape angle of the photoelectrons:

photon source

energy analyser energy

hv

UHV - Ultra High Vacuum
(p <1077 mbar )

get bandstructure (dispersions, Fermi surface,...) from conservation laws:

energy: Eyin = hv — ¢ — |Ep|
momentum: hk, = hK, = \/2mEy;, sinf

hk, not so straightforward ...
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PES theory Il:
many-body picture

ep4d
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I wirnzsore Photoemission: many-body effects epd

analyzer ke k

hv

L

ZA n(k)
< 1
Electron
e

Sz

X E; E N-1 Er Nt _E
Photoemission geometry Non-interacting electron system

Damascelli et al., Rev. Mod. Phys. 75, 473 (2003)

non-interacting electrons interacting electrons

ARPES ARPES
v v

band structure & (l_é) spectral function

A(E, e) = —% Im G(I_é, £)
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I WVERSTIT photoemission: many-body effects

interacting electrons
(Coulomb repulsion)

o Ekin

photoemission process:

sudden removal of an electron from
N-particle system




I wirzsore. Photoemission: many-body effects

interacting electrons
(Coulomb repulsion)

o Ekin

photoemission process:

sudden removal of an electron from
N-particle system

"loss" of kinetic energy due to
interaction-related excitation energy
stored in the remaining N-1 electron
system !




I wirzsore. Photoemission: many-body effects

electron-phonon coupling

o Ekin

hv

.....................

photoemission process:

sudden removal of an electron from
N-particle system

"loss" of kinetic energy due to
interaction-related excitation energy
stored in the remaining N-1 electron
system !

“ep4a
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UNIVERSITAT
wu

electron-phonon coupling

o Ekin

photoemission process:

sudden removal of an electron from
N-particle system

"loss" of kinetic energy due to
interaction-related excitation energy
stored in the remaining N-1 electron
system !

“ep4



I wirzsore. Fermi's Golden Rule for an N-electron system  feps

2T .
wing = = |(f|Hineli)|” 6(E; - B — ho)
h

initial state
|i) = |N, 0) N-electron ground state with energy E; = Ey o (T=0)
final states

Ify=|N—-1s; E) N-electron excited state of quantum number s and
energy Ef = Ep s,

consisting of N — 1 electrons in the solid and one free
photoelectron with wavevector k and energy ¢

transition operator
Hipe < XiL  A(%) - p; in second quantization = M;¢ sz-l_czi

one-electron matrix element,
conserves wavevector: ks = k;



I wirzsore. Fermi's Golden Rule for an N-electron system  feps

— NS 2
I(k, &) ZKN — 1,5 k|Hipe|N,0)| 8(Exs — Eno — hw)
S

initial state
|i) = |N, 0) N-electron ground state with energy E; = Ey o (T=0)
final states

Ify=|N—-1s; E) N-electron excited state of quantum number s and
energy Ef = Ep s,

consisting of N — 1 electrons in the solid and one free
photoelectron with wavevector k and energy ¢

transition operator
Hipe < XiL  A(%) - p; in second quantization = M;¢ sz-l_czi

one-electron matrix element,
conserves wavevector: ks = k;



I wirzsore. Fermi's Golden Rule for an N-electron system  feps

— NS 2
I(k, &) ZKN — 1,5 k|Hipe|N,0)| 8(Exs — Eno — hw)
S

Sudden Approximation:

f) = [N —1,s; k)



I wirzsore. Fermi's Golden Rule for an N-electron system  feps

— NS 2
I(k, &) ZKN — 1,5 k|Hipe|N,0)| 8(Exs — Eno — hw)
S

Sudden Approximation:

fy=|N—=1,s; /_é) =c;"|N —1,s) factorization!

photoelectron sth eigenstate of remaining N — 1 electron system

physical meaning:

photoelectron decouples from remaining system immediately after
photoexcitation, before relaxation sets in



I wirzsore. Fermi's Golden Rule for an N-electron system  feps

I(k, &) x ZKN — 1,5 | czHe|N,0)|* 8(En_1s + & — Eno — hw)
S

Sudden Approximation:

fy=|N—=1,s; /_é) =c;"|N —1,s) factorization!

photoelectron sth eigenstate of remaining N — 1 electron system

physical meaning:

photoelectron decouples from remaining system immediately after
photoexcitation, before relaxation sets in
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I wirzsore. Fermi's Golden Rule for an N-electron system bpa

I(k, &) x ZKN — 1,5 | cHpe|N,0)|° 8(En—1s + & — Eno — hw)
S A

[ 1
Yif Migcy ¢ ¢

Sudden Approximation:

fy=|N—=1,s; /_é) =c;"|N —1,s) factorization!

photoelectron sth eigenstate of remaining N — 1 electron system

physical meaning:

photoelectron decouples from remaining system immediately after
photoexcitation, before relaxation sets in



I wirzsors. Sudden Approximation Beps

after some algebra (using the momentum conservation in M;¢ and assuming that
M;s ~ const in the energy and k-range of interest) one obtains:

I(k, &) x ZKN —1,5|cz |N,0)|° 6(En_1s + & — Eno — hw)
S



I wirzsore. Sudden Approximation Bepa

after some algebra (using the momentum conservation in M;¢ and assuming that
M;s ~ const in the energy and k-range of interest) one obtains:

I(k, &) x ZKN —1,5|cz |N,0)|° 6(En_1s + & — Eno — hw)
S

= A(k, £ — ho) - f (& — hw)

\ )
|

spectral function

The ARPES signal I(I_c), e) directly proportional to the removal part
of the spectral function A(I_é,w) = — %Im G (l_c),a))

\ single-particle

probability of removing (or adding) an electron at Green’s function
energy w and momentum k from (to) the system
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I wirzsore. Sudden Approximation ep4

after some algebra (using the momentum conservation in M;r and assuming that
M;s ~ const in the energy and k-range of interest) one obtains:

I(k, &) x ZKN —1,5|cz |N,0)|° 6(En_1s + & — Eno — hw)
S

= A(k, £ — ho) - f (& — hw)

\ )
|

spectral function

The ARPES signal I(I_c), e) directly proportional to the removal part
of the spectral function A(l_é,a)) = — %Im G (E,w) _:__

other
electrons

phonons

spin excitations
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Alkw)=—=ImG (kw)= —=Im — ==
( ) T ( ) T hw—eﬁ—E(k,w) T [hw—eE—Z’(E,w )]2+Z”(E,w )2

Spectral function

bi nding energy (EBIQ plmnn)n)

Debye Model (1=1)

_ 1 |2”(E1w )|

theoretical energy

distribution curves (EDCs)

k- kg (in units of Qp, /v

E; (units of omega)

“ep4a



I wirzsore. Many-body effects in photoemission

example: photoemission of the H, molecule

e Ei, electrons couple to proton dynamics !

Infensity jorh wnils)

WL W 51 %6 B0 BF  id
Kiratic enargy le¥|

“ep4a



I wirzsore. Many-body effects in photoemission Bepa

example: photoemission of the H, molecule

o Ekin

L. Asbrink, Chem. Phys. Lett. 7, 549
(1970)

[ntensity jorh wnils)

T T T
Kiratic enargy le¥|

electrons couple to proton dynamics !

photoemission intensity:

I(a))ocZKH;,S

2
6[H,.0) 8@+ Eyy.  ~Epy 0)

electronic-vibrational eigenstates of H,*:

i -

al,V:O>
0'1,V=1>
0'1,V:2>
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I wirzsore. Many-body effects in photoemission Bepa

example: photoemission of the H, molecule

® Ekin Franck-Condon principle

|

TN\
N #

o v=2
//\ v=]

%\\ V=0

proton distance

Infensity jorh wnils)
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The k, - problem again: photoelectron damping  Feps

ARPES signal is actually a convolution of
photohole and photoelectron spectral function

| (kyp, &) OCJ.dkL A (ki ke —hv) Ad(ky kL e)

slope V

total width assuming lifetime-
broadened Lorentzian lineshapes

~ Vhi
l_‘tot ~ l_‘h + . l_‘e
/ el \
~ meV ~ eV

spectrum dominated by photo-electron
linewidth unless V,, /V,, <<1

— low-dim systems (e.g., surfaces)

= k-vector in high-symmetry planes



I wirzsors. Summary: The view from many-body physics Bepa

® Photoelectron spectroscopy is ideal tool for the study of many-body effects in
the electronic structure

® photohole probes interactions
between electrons and with other
dynamical degrees of freedom
— energy shifts
— shake-up satellites
— line broadening
— line shape
(generalized Franck-Condon effect)

other
electrons

phonons

spin excitations

® ARPES signal proportional to single-particle spectrum A<(l_c), W)
(if photohole is localized L surface!)

® facilitates direct comparison to many-body theoretical description
of interacting system
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Low-energy photoemission:
Doping a one-dimensional Mott insulator



I UNIVERSITAT TiOCI: a low-dimensional Mott insulator

configuration: Ti 3d'
— 1e-/atom: Mott insulator
— local spin s=1/2

— frustrated magnetism,
resonating valence bond (RVB) physics?

“ep4a
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Hubbard model description:

non-interacting bandwidth W
local Coulomb energy U

band-filling n

Doping a Mott insulator Sep4

lower Hubbard upper Hubbard

band (LHB) band (UHB)
T >
electron removal U electron addition

(PES) (IPES)
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I winzsore  Doping a Mott insulator Bopa

Hubbard model description:

non-interacting bandwidth W

local Coulomb energy U

bqnd-fi"ing N lower Hubbard upper Hubbard
band (LHB) band (UHB)
T >
electron removal H  electron addition

(PES) (IPES)

bandfilling-controlled
Mott transition?

here: n-doping
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I winzsore  Doping a Mott insulator Bopa

Hubbard model description:

non-interacting bandwidth W

local Coulomb energy U

bqnd-fi"ing N lower Hubbard upper Hubbard
band (LHB) band (UHB)
T >
electron removal H  electron addition
(PES) (IPES)
n=14+x

asi-
rticle
bandfilling-controlled
Mott transition?
here: n-doping
>
vl
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m‘.{%'éﬁ'r{é‘r TiOCl: doping by intercalation Beps

n: alkali metals

p: organic acceptors

(e.g., TCNQ)
O @ @ - letters to nature
Li,(THF), 6%?%0 Superconductivity at 25.5 K in
electron-doped layered

&@ @C@@O hafnium nitride

N} g g %E " Shoji Yamanaka*+, Ken-ichi Hotehama* & Hitoshi Kawaji*
O ©©©@ - Nature 392, 580 (1998)

HfNCI
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I Worzsore. XPS: in situ Na intercalation and n-doping epd

T T |Ti2p,, (+Na) | |Nats [T T T 1
I3 ¢
Tis?t T

Ti2*
x —_—
37%
32%
A 23%

intensity (arb. units)

15%

/\,\10%
4%
v o e o by g 1y

462 460 458 456 454 1080 1075 1070 1065
binding energy (eV) binding energy (eV)

PRL 106, 056403 (2011)

* electron transfer Na — Ti
« doping x from relative Ti2* and Ti3* weight
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I worzsore. UPS: doping effects in valence band Mep4

IIIIIIIIIIIIIIIIIIIIII II|IIII|IIII|IIIIIIIIl|IIIl|IIIIiIIlI|I
) Na:TiOClI Na:TiOClI -

intensity (arb. units)

O 2p
Cl 3p

NANEENI SRR REERASRERERNENE RRRNENNEE)

II]IIIIIIIIII

-10 8 6 4 -2 O -3 -2 -1 0
E-pexp (eV) E-pexp (eV)

PRL 106, 056403 (2011)
* rigid band shift
* new spectral weight in gap
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I Worseone. Doping a Mott insulator Beps

II|IIII|IIll[lllllllII|IIII|[III]IIIIII
Na:TioCl|

./J
-~ /
N, - ’

intensity (arb. units)

* new peak in the Mott gap: UHB?
« absence of metallic quasiparticle (QP)?



I OReAURa] Spectral weight transfer from LHB to UHB

remove

+ 4

doped:

¢+U
remove %

remove

+

w = 1-x

PRL 106, 056403 (2011)



I Woreeore. Spectral weight transfer from LHB to UHB

remove

+ 4

doped:

¢+U
remove %

remove

+

w = 1-x

m total weight :
v original weight
A additional weight -

P R TR

M

L1 PR S R T N NN RO TR N (N SO
0.0 0.1 0.2 0.3 0.
doping X

4

0.5

PRL 106, 056403 (2011)
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I worzsone. Absence of metallic QP

Molecular dynamics:

undoped
Y.-Z. Zhang, Phys. Rev. Lett. 104, 146402 (2010) U-3J+8
AEopf
«—
d1—i>d° | d'>d”
0 M E
U-3J+5-A 1A A - yooeq

< -
4P 4 T T >
1

GGA+U - DOS: i

= 30—
£ l(@)na 12.5% d1—>|d0 d2—>d1i d'>d® |
S207 Ti2 — T 0 M E
% Ti2 ' LHB AB UHB
» 10 .
7p]
8
A — * local doping into ,,alloy band” (AB)
* Na ions occupy specific sites * transfer of spectral weight LHB — AB
close to one Ti-O layer  AB: all sites always doubly occupied
* in-gap states due to Ti sites « fundamental gap between AB and UHB

closest to Na ions — insulating for all doping levels
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Hard x-ray photoemission:
Profiling the buried two-dimensional electron
system in an oxide heterostructure

(AU g S S

ep4d
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I e’ Oxide heterostructures in a nutshell Bepa

General idea:
combine interface functionalities with intrinsic functionalities of oxides —
novel phases, tunability of interactions

Paradigm material: LAO/STO

* both oxides: wide gap band insulators

e LAO thickness > 4 unit cells (uc): formation of a high-mobility interface

) 1%0°F conductivity |

Measurement limit
1 1 | 1

sheet carrier density (Hall)

3 3+1
0L o eoe@

T=300K
0 2 4 6 8 10 12 1 1 A. Ohtomo et al., Nature 427, 423 (2004)
d (uc) S. Thiel et al., Science 313, 1942 (2006)




I woresone’ Oxide heterostructures in a nutshell Mop4

2DES properties:

* tunable conductivity by electric gate field

Sf ' ‘ '
Y 0  conductivity )
0% g e . g |  superconducting below 200 mK
@ mof_ ] * magnetoresistance
o ; . .
w0%F s r—sok  coexistence of superconductivity and
— ‘ ' II ' I l IIIIII llf’as:lrellilelllt llimi‘t . 3 fe r ro m a g n et i S m
b ' ' ‘ ' ' ' ' ' '
J sheet carrier density (Hall)
T~ 2107 ¢ 0 o
£ ° | - N :
S 0| | Origin of 2DES (and its critical behavior)?
< |
0. o o : —> O-vacancies @ interface
T =300K

T 4 e 8 10 12 4w —> cation intermixing (La,Sr,,TiO,)
d (uc) —> electronic reconstruction

see also:
D.G. Schlom and J. Mannhart,
Nature Materials 10, 168 (2011)



I wirzsore. Polar catastrophe and how to avoid it op4

charge: -1 AlO,
+1 ' LaO P
-1 AlO, —
+1 | LaO —>
-1 Alo, «—
+1 | LaO —
0 TiO,
0 [SrO
0 ' Tio,
0 I'SrO

-1/2 | AlO, p

+1 | LaO —

-1 AlO, >

Aq:-]_/z +1 LaO «—
-1 AlO, —>

+1 | LaO «

-1/2 Tio,

0 ['SrO

0 'Tio,

0 I'sr0

Nakagawa et al., Nature Mat. 5, 204 (2006)

(GBI
L

electrostatic energy increases
with thickness of polar film

polar catastrophe

electronic reconstruction

0.5e" per layer unit cell
— n,, = 3.5x10% cm

partial Ti 3d occupation
RN Ti3> (d0.5) - Ti3+/Ti4+



I wiresone. El. reconstruction:

surface

-1/2 AlO,

+1 LaO

-1 AIO,

Aq=-1/2e +1 |80
-1 AlO,

+1 LaO

-1/2 TiO,

o (SO

0 | TiO,

o [

The view from band theory Iﬁl;:i

05, I -/ || surface
LA holes @
" LAO-VBM

d

eV
asat
B0, |
S
S

g - interface
electrons @

STO-CBM

()
—

—

SN
’!fi\ -

e

-
P/
T
QW 1
A |
VBT |
/&0, !
Vé‘c[gﬁ\\‘l
eiosly |
4 2 0 2 4
Energy (eV)

i

Density of States (arb. units)

?

:

Yun Li et al., PRB 84, 245307 (2011)
Pentcheva and Pickett, PRL 102, 107602 (2009)



I worzsore. LAO/STO: Electronic reconstruction

surface
-1/2 AlO,
+1 LaO
/ 1 AlO,
Aq=-1/2e +1 La0
1 AlO,
\ +1 LaO
-1/2 TiO,
o so
0 TiO,
o I

ideal el. reconstruction scenario
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LaAlO,

2DES

Spectroscocpy of buried interfaces

4
L
v
L
’
L
L4
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-
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nd b
“Wwr ew Yw w
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/
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AR LB B b B

"
.
v

-

Challenges and requirements:

* suitable probing depth:

- photons (10 nm ... microns)

- electrons (0.3 ... 10 nm)
* interface signal vs.

background intensity from bulk
* spectroscopic contrast:

- symmetry

- element specificity

- chemical shift

- electronic configuration

* sufficiently high count rates

Methods presented here:

* hard x-ray photoelectron spectroscopy
(HAXPES)

* resonant soft x-ray angle-resolved PES
(SX-ARPES)

“ep4a



m\(%'éﬁ'{é“ HAXPES of LAO/STO: core levels Fepa

' ' ' ' ' ﬂ Ti 2p
5uc LAO, PSI -+
— 9= 05° off NE jjj W =ke P
—— 0=35° N YPsY
—— 0=50° 4 X
0 = 60° - SRS
S15 A | I
>y ."". -
. : y )
[72] N
..g v :": :';u'.‘
- L
o &K
\EP/ h
> 4
@ -
| =
ﬁ L3
= 458 A457 456
3+
Ti
j * Ti3* weight evidence for 2DES
* Ti3*/Ti* ratio — sheet carrier
density

468 466 464 462 460 458 456

Findinig energy (V5 * angle dependence — thickness

PRL 102, 176805 (2009)



I winzsore Model and quantitative analysis

|~ 2DEG |}d

Intensity ratio:

I(3+)

Exponential damping:

[ ~o e—z/)\ cos 6

p(1 — exp(—d/Xcosh)

I(4+) 1 — p(1 — exp(—d/Xcosh)

Accessible parameters:

d : 2DEG thickness
p : Ti" fraction

nsp : sheet carrier density (= pd/az,)

norm. 1(3+)/1(4+)

1.8

1.6

1.4

1.2

1.0

0.8

Angle dependence

e et _J\l

Yep4

A=40A

—— d=20A, p=0.5
—— d=40A, p=0.5
—— d=60A, p=0.5
—— d=80A, p=0.5

d < A
1 4
™~ cos(6)

d> A

20 40 60
emission angle (°)

PRL 102, 176805 (2009)



I wirzsore. Quantitative analysis

5uc LAO, PSI i Ti2p
0 = 05° of NE | kel e
- e 5uc LAO, PSI
0 = 60° 0.07F best fit -
i rrrT e (p=0.28, d=1uc)
) 0.06 ®
= T
5 < 0.05([p=0.10...0.28 -
P m d=1uc...3uc
% ..... NI U D i 2 004 [~ =
= 458 A457 456
0.03 -
0'02 _l 1 | 1 | 1 |_
N . o o S\ 0 20 40 60

468 466 464 462 460 458 456 Emission angle (degree)
Binding energy (eV)

PRL 102, 176805 (2009)
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I worzsore. Quantitative analysis: 2DEG thickness Bepa

d (uc*) 3+ +0.5 + +

*|attice constant of STO unit cell (uc) = 3.8 A

— interface thickness < 3 nm

consistent with

- CT-AFM  Basletic et al. (2008)

- TEM-EELS Nakagawa et al. (2006)

- density functional theory Ppentcheva et al. (2009)

- 2D superconductivity Reyren et al. (2007)

- ellipsometry Dubroka et al. (2010

* HAXPES data taken at 300K!

PRL 102, 176805 (2009)



I winzsore. Quantitative analysis: sheet carrier density ep4

Sample 2 uc 4 uc
p 0.01 0.05
n,, (103 cm?) 2.1 3.9
12 1 1 1 |
& Hall data &
10|l @ HAXPES
| (@® corr. for photocarriers ]
®
8 | @ E
5 6l © .
B
:8 4 o i
2 ¢ sl o ool
03' . @" PN R ‘
1 4 5 6 7

LAO overlayers (# unit cells)

A A

LL

6 uc el. reconstr.
0.02 0.5
11.1 35

n,, much smaller than for purely
electronic reconstruction

n,p higher than Hall effect data

photogeneration of extra Ti 3d
electrons

remaining excess due to additional
localized Ti 3d electrons?

(cf. Li et al. and Bert et al., Nature Phys. (2011):

coexistence of superconductivity (free carriers) and
magnetism (local moments))
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Resonant angle-resolved soft x-ray photoemission:
Direct k-space mapping of the electronic structure in
an oxide-oxide interface

p A

ep4d
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I winzsore. SOft x-ray ResPES of the valence band Bep4

HAXPES (hv = 3.5 keV) SX-ResPES (hv ~ 460 eV)

hv=3.5keV = | AO/STO 5uc LAO/STO 4uc
valence band == Off resonance
= ON resonance

\

intensity (arb. units)
intensity (arb. units)

O 2p

E-Er (eV)

resonance enhancement at Ti L edge
PRB 88, 115111 (2013)
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m.‘{%’éﬁﬁf Soft x-ray ResPES of the valence band

ResPES process SX-ResPES (hv ~ 460 eV)
O @ LAO/STO 4uc
A A‘ == Off resonance
i S m— ON resonance
— 3d . S 3d 2
== =% t. =XF S
o
\ £
>
A \
2p 2p -.E 02p 3 2 A1 0 1
direct core _ Auger =
photoemission excitation = decay ”

cf.: E-Ef (eV)
Drera et al., APL 98, 052907 (2011)
Koitzsch et al., PRB 84, 245121 (2011) resonance enhancement at Ti L edge



NIVERSITAT
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ResPES XAS

e two Ti 3d resonance features

I LAO/STO 4uc — 462
ResPES spectra =] below (A) and at E (B)
46095ev g S, NI E— 461
460 506V ."..;‘.-'._;'::::::':::::::: E
2 460.456V] Ao g e nnrrron |- 460 T
V& C o
5 460.35eV|/ = =
Qo i =
8 460.20eV|; / = 459 %
] 460.10eV|; S
g | = D
" E 457
458.25eV e b i
£ —— LAO/STOE
. 445.95eV E e 156 F
IllllltlllIIIIIlI!IIiIIIIlIIlIIIIII 3 _456
] 2 0 2 intensity (arb. units)

E-Er (eV)



I worzsore  LAO/STO: resonant photoemission at Ti L-edge

ResPES XAS

e two Ti 3d resonance features

Il LAO/STO 4uc E- 462
-.‘_ ResPES specira 3 below (A) and at E. (B)
eyt B, 7 A— = 461 feature A: .
VOO T T ... E max enhancement at Ti e,
460.50eV| g . L .
2 GOSN . 460y Tesonance (cf. LaTiO,)
(= i m
= 460.35eV|/ a )
Qo i =
s 460.20eV|; ; E 459 3
2 460.10eV|; S
15 ' = 3
= 459.90eV — 458 S
,. - 457
458.25eV Ti3+ b i
46— LAO/STOF
445.95eV P =i | ATID =
IllllltlllII]IIlI!IIiII]IlIIlIIIIII 3 _456
4 ) 0 2 intensity (arb. units)

E-Er (eV)



intensity (arb. units)
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ResPES

XAS

LAO/STO 4uc
ResPES spectra

4

459.90eV

460.95eV| :
XY, I i

460 456N | ) g M.
460.35eV|/ !
460.20eV|
460.10eV|;

IIIIIIIIIIIIIIIIIIIIIII!I'IIIIiIIII|II

458.25eV 6 b
LAO/STO
. 445.95eV F s oo
IIIII|lIIIII]II|I!II|II]I|IIlI|III]
4 -2 0 2 intensity (arb. units)

E-Er (eV)

E=N F=N E=N B FS
o (8] (o)] (e)] [e)]
co (o] o - N
(A8) ABisus uojoyd

B
(6]
~

B
(6)]
()]

LAO/STO: resonant photoemission at Ti L-edge epa

* two Ti 3d resonance features
below (A) and at E (B)

feature A:
max enhancement at Ti** e,
resonance (cf. LaTiO,)

feature B:
max enhancement delayed

— characteristic for localized (A)
and delocalized (B) resonating
states



I worzsore  LAO/STO: resonant photoemission at Ti L-edge  Feps

intensity (arb. units)

ResPES

XAS

LAO/STO 4uc
- ResPES spectra

459.90eV
Pt

‘%“%f “
i 45

.00eV
| 458.25eV

. 445.95eV

ot 460.95eV| TN
1 4 Olsoev .'...:-:: ...'.....'....'; :-_:‘ .:
460.45€V| L] oo v

460.35eV|/ !
460.20eV|; |
460.10eV|;

A 3+
ATty
£ —6— LAO/STO

£ e LaTiOs

I||IIIIIIIIIIII[IIIIIIfII]IIIliIIII'II IiIII|IIII|IIII|IIIII

4 2 0 2
E-Er (eV)

intensity (arb. units)

s B B
(o)} ()] (o]
o - N

(A8) ABisus uojoyd

IS
9}
oo

457

B
(6)]
()]

* two Ti 3d resonance features
below (A) and at E (B)

feature A:
max enhancement at Ti** e,
resonance (cf. LaTiO,)

feature B:
max enhancement delayed

— characteristic for localized (A)
and delocalized (B) resonating
states

e features A and B also seen in O-
deficient STO (e.qg., Aiura et al., Surf.
Sci. 515, 61 (2002))



intensity (arb. units)

Julius-Maximilians-

NIVERSITAT

[

URZBURG

o)

LAO/STO: resonant photoemission at Ti L-edge epa

ResPES

XAS

LAO/STO 4uc
ResPES spectra

é 460956V el i"‘ ........... . .........

4

460.20eV|; |-
460.10eV]; /

: 459.90eV/| /

. 459.00eV

W I s
460456V Y] .
460.35eV|/ ! ‘

4 eeg

...............................

||||||IIII|IIRI[IIII[IIII]I]II‘I‘IIII'II IIIII'|IIII|IIII|IIII|

E-Er (eV)

. 458.25eV 1T 1y,
g LAQO/STO
. 445.95eV e
I]III|lIIIIIIII|IIII|IIII|IIII|IIII
] 2 2 intensity (arb. units)

IS
(o]
N

B
(o)}
Y

N
(o)}
o

459

(A8) ABisus uojoyd

F =N
9}
oo

457

B
(6)]
()]

* two Ti 3d resonance features
below (A) and at E (B)

feature A:
max enhancement at Ti** e,
resonance (cf. LaTiO,)

feature B:
max enhancement delayed

— characteristic for localized (A)
and delocalized (B) resonating
states

e features A and B also seen in O-
deficient STO (e.qg., Aiura et al., Surf.
Sci. 515, 61 (2002))

—> A: charge carriers trapped in d-orbitals of Ti ions surrounding oxygen vacancies

B: mobile interface charge carriers (2DES)
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I worzeors.  Photoemission of bare STO surface ep4

photoemission of fractured STO

(b)
)
'
=
g
= -
a 2t
D ) _
2 0.3 L oxygen dosage
E ——0.1L
= q
= ) T - — 0-vacancies at surface
\le?e?ga:t itingrant cause
Ei'ers n-doping of Ti 3d states
0.0L
20 10 00  -1.0 * itinerant carriers in conduction
BINDING ENERGY (eV) band

* in gap weight: localized electrons

Aiura et al., Surf. Sci. 515, 61 (2002 .
J ( J trapped next to oxygen vacancies
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"M-I"-M" direction

-1.0 0.0

E-E- (eV)

LAO/STO: k-space mapping by SX-ARPES

M

dispersive Ti 3d
interface band(s) at T

I Y M
T/a
Ty | "'-._/ Ti1, Ti2/ Tia(2)
E Ti1, Ti2, Ti3(yz)
Ti2, Ti3, Ti4(xy)!
M —T/a :
0 m/a

schematic Ti 3d-derived Fermi surface
(Popovic et al., PRL 101, 256801)

e
“ep4a



m‘]ﬁgﬁ'&’é" LAO/STO: k-space mappmg by SX-ARPES

O 2p
surface band

"M-I"-M" direction

-1.0 ——

] —— -08 04 00 04 038
] —M &
1"M-I"-M" direction KA )
S B * good agreement with DFT band calculations
-1.0 0.0 * individual quantum well states not resolved

E-Er (eV) * O 2p surface band not observed
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E-Er (eV)

LAO/STO: k-space mapping by SX-ARPES

surface band

-0.8 -04

larger ke-values along I'X than 'M also
seen in experiment

I'-X-I" direction

0.0 04 08 0.0 04
k(A"

0.8
ke (A

1.2

1.6




m‘ﬁﬁﬁﬁf LAO/STO: Fermi surface mapping Tepa

BL23SU, SPring-8

hv=460.35eV

- -
o (6}

o
&)

Kk, (A

o
o

IIIIII|ll|l|lllllllll|IIlIIIIII

o
o

-
o

-1.0 -0.5 0.0 0.5 1.0 1.5 20
ke (A7)

Phys. Rev. Lett. 110, 247601 (2013)
cf. also: Cancellieri et al., arXiv:1307.6943

experiment does not show
LAO-surface hole pockets
predicted by band theory!

max

E4 STO

interface
surface

CB

intensity

m
n

min

in-gap
states




I UNVERSITAT LAO/STO: Fermi surface mapping Bop4

BL23SU, SPring-8

hv=460.35eV

— Ti 3d xz/yz bands
Ti 3d xy bands
== O 2p surface band

(e ] - -l
(&) o (6}

Kk, (A

o
o

o
o

IIIIII|ll|l||llllllll|IIlIIIIII

-
o

IIIIIIIIIIIIII!IIIIIII!IIIIIIIIII

-1.0 -0.5 0.0 0.5 1.0 1.5 20
ke (A7)

Phys. Rev. Lett. 110, 247601 (2013)
cf. also: Cancellieri et al., arXiv:1307.6943

dynamical equilibrium?

max

intensity

min
but:
e 2uc samples charge up
* no variation on changing
photon flux

* band bending seen in other
systems, e.g., LaCrO,/STO
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@X&’éﬁ‘ﬁeT Oxygen vacancies at LAO surface? ep4

i
)
B
e\T

Density of States (arb. units)
o

H & a2 O 2 4
Energy (eV)

Yun Li et al., PRB 84, 245307 (2011)

cf. also: Zhong et al., PRB 82, 165127 (2010)
Bristowe et al., PRB 83, 205405 (2011)
Pavlenko et al., PRB 86, 064431 (2012)
Yu and Zunger, arXiv:1402.0895

AlO, ;5

LaO
AlO,
LaO
AlO,
LaO
AlO,
LaO
TiO,
SrO
TiO,
SrO
TiO,
SrO

i
O vacancies induce localized
hole states above E,

-0.5
+1
-1
+1

“ A ¥
/,/ \a_ - e Pl

* modified el. reconstruction scenario
* critical thickness, if for each O,
formation energy < discharge energy
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I wirzsore dources and further reading ep4
Most of the first part has been taken from the following sources:

Internet

® www.physik.uni-wuerzburg.de/EP4/teaching/Cargese2005/cargese.php and LesHouches2014
(coming soon)
(by R. Claessen, U Wiirzburg)

® www-bl7.lbl.gov/BL7/who/eli/SRSchoolER.pdf
(by E. Rotenberg, Advanced Light Source)

® www.physics.ubc.ca/~quantmat/ARPES/PRESENTATIONS/Lectures/CIAR2003.pdf
(by A. Damascelli, U British Columbia)

Books
® S. Hufner, Photoelectron Spectroscopy — Principles and Applications, 3rd ed. (Berlin, Springer, 2003)

® W. Schattke, M.A. van Hove (eds.), Solid-State Photoemission and Related Methods — Theory and
Experiment (Weinheim, Wiley-VCH, 2003)

® S.Suga, A. Sekiyama, Photoelectron Spectroscopy — Bulk and Surface Electronic Structures (Berlin,
Springer, 2014)

Review articles

® F. Reinert and S. Hifner, New Journal of Physics 7, 97 (2005)

® A. Damascelli, Physica Scripta T109, 61 (2004)

® S. Hufner et al., J. Electron Spectrosc. Rel. Phen. 100, 191 (1999)

For the second part look up references in the lecture notes “DMFT at 25: Infinite Dimensions”.




