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Lecture 4

* Many-Body Effects in Photoemission

* NiO: an Example for a Strongly Correlated System

* Theoretical Concepts: Sudden Approximation, Spectral Function

* Interpretation of Line Widths, Relation to Photoemission Experiments
* Energy Distribution Curves vs. Momentum Distribution Curves
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Solid State Spectroscopy
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Manybody Effects in Photoemission

So far: one-electron picture (Fermigas!)  TWo types of phenomena:

But; electrons interact = with electrons * € -interaction in the initial state

W'm phonons — hot tropic in solid state physics
i (strongly correlated materials,
Fermi liquids = non-Fermi liquids)

* e -interaction during the photoemission process
— satellites, line shapes, line positions

important for interpretation of spectra !

Two extreme types of states

“ R-d: large overlap (s, p)
large dispersion ¢ (k)

nearly free electrons
— one-electron picture !

. ‘ ‘ ‘ ‘ R << d: little overlap (d, f)
0

little dispersion
tight binding

— correlation effects !

DO
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NiO: an Example for a
Strongly Correlated System

N IO oand Jusary: But: experiment shows insulating gap (4 eV) !
L7
3d®  2p°
€ €
— predicts a metal
energetics: ki a2 L
1 electron
Mott Insulator: I ionization _ affinity E,
process potential | AR

e e
XXX X dirdf

d® df g% edd8

A / L / U = I = EA
"reaction” 2d® »d’+d°-U free ions : U=18 eV

solid state: reduced (O charge transfer) 4
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Theoretical Concepts

€ Theory:
" — energy eigenvalues
3 I Total-Energy Diagram:
2 e e 7 Epit 1€
\ ST AB il BT excited states
\ /0] @ /13 tot _._. —7 [ (sudden approx.)
1L / ) /ﬁk -—_ASRI 2
g 1 2 e - - X
0 / \ e (K| B Ejot (N-1)
BESERONelE  T KX E, (N) : Egi(k) Quasi- _
s G S particle k
Koopman's Theorem: i E E (core levels:
i E : adiabatic line)
L - - = >
initial ~ ionized,  ionized, t(fs)
state frozen relaxed
(neutral)
N electrons
>\ _ k,SCF k,FO
“frozen orbitals" 5
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The Photocurrent |

Atoms, Molecules:

S

= = 2 ik 2
|~D|<¢f£km| rk'3|¢i,k(rk)>| E'CI’ | S(Ekin"'ES(N"l)'Eo(N)'hV)

f,ik
: (various orbitals)  [excited
SIS : final states
final states various atoms) "satellites”
(angles, ...) Spectrum
along (6, ¢) =f
Solids:
|~ 0 <ée T €loz> 1% Ak E) =z =1 By,
f,i,k
"Spectral . .
Function" Quasiparticle
A
e  (incoherent ¥ (coh t
art of A E,E ColniziiEitt
hole P ¥( ) part of A (k,E))
E=
E € kin
sea of excitations +hv 6
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vibrational
levels

ionic state

electronic
ground state

C-O bond length

Intensity (arb.units)

COMi(100) ¢(2x2)CO/Ni(100)

Intensity (arb. units)

600 400 200
Binding Energy to adiabatic peak (meV)

Binding Energy (eV)
_Fohlisch et. al Phys. Rev. Lett. 8




Spectral Functions

... can be calculated by Greens Function Formalism:

independent particles
(no interactions):

1

G kB =

A (K,E) =

%

1 o

A (KE)= % 5m (G, (kE)}

with interactions:

G, (k,

E)

1

TE-e(K)- 0 (KE)

Self energy

=> need Hamiltonian of system !

kg

Lorentzian
FWHM = 2¢

(E-& (K)* +o0°

A (KE) ~

& (K)
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3Im {71 (k,E)}

[E - & (K) - Re[JP + [SmJ?

intensity larb.units)

Experimental Situation on Line Widths

Fermi-liquid theory: Line width AE~(E-E)?

T T T T T
aigsl’z Cﬂcuzoa I

-05 -04 -03 -0.2 -0 00
binding energy (V]

Valence Bands - Lecture 4

Experiment on
HTC material:

AE~(E-Ey)

=> non-Fermi-liquid ?
C. G. Olson et al.,
PRB 42, 381 (1990)

.. but:

Silver (a much
simpler material)
even shows a
growing line width
towards EF !

?

Y.Hwu et al., °

PRB 45, 5438 (1992)

PHOTOEMISSION INTENSITY (ARB. UNITS)

2.00

L
1.00

BINDING ENERGY(eV)

—=One needs to know
the technique well !
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Interpretation of Line Widths

dominant hole decay processes:
o =3mi (KE) ~ &
5 At N\Auger decay

. Q.P. Life time
F

I

Fermi sea
Fermi liquid theory

IV &

E? -
A
kin] -~ 2
- | ~ E? Ao, Lo
’//’ — % e cYEXpt
Caution ! A
Q 5 1 ,/ - - ,/,
hole lifetime &~ V. /
. h o P
Photoemission measures< RS <"y
and photoelectron lifetime v
L, e K
normal emission: _Ye'Vh (%h , % ke
_ OExpt. ~ viovE \yE L SOV -
(P.Thiry, 1981) /e & h e -
roup velocities og oy I
Valence Bands - Lecture 4 g P ok, (We measure Ekin’ not k )

Energy Distribution Curves (EDCs) and
Momentum Distribution Curves (MDCs)

Example: Dispersion Plot from BSCCO High Temperature Superconductor
200
* Ko=) Line Width Ak in MDCs is related
o0 P MDC to the mean free path A of the electrons
: near E; and thus to the scattering rate:
(0.0

w (meV)

hvg Ak = B ~| 235k, w) |

k=0.446 A"

w=1.14 aVA

oo (v, 1s the electron group velocity)

-200 A "

1

300 5 . "

025 030 035 040 045 050 055 060 £ |isesmewn’,

-1 —

k (A") z £
5 F.a -;* 50 K
E | e | >

= Connection between photoemission
data and sample resistivity Ll
03 0.
Ky ()
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< 014 . .
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Lecture 5

* Electron-Electron Interaction: Weak Effects in Photoemission from Cu

* Electron-Electron Interaction: Strong Effects in Photoemission from Ni and Co
* Electron-Phonon Interaction: Renormalization of Dispersion by Phonons

* Applications: Observation of a Giant Kohn Anomaly on H/Mo(110)

* Applications: Photoemission from High and Low T, Superconductors
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Weak Electron-Electron Interaction Effects in Photoemission from Cu
Cu(001)

[(110]

2) g m o)
f* ’?i . “~
5 O I’f} Y f'“w_m
Fl’““a—. .-""l 'l" -“":--ﬂ
uf [110]
EF\ . '_;: L“I nfa
b) Experiment ) Theory d)

parallel momentum k | A parallel momentum k [A ]
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Valence Photoemission from Ni
3d9'4 — correlation effects in the 3d channel

majority minority
excitation excitation

Pictorial:
majority photoelectron minority photoelectron

Uaﬁ Uap = Jap

g 9
s%;\t;?gr)i/ng w@/ @ @ e e fmal\i&s

approximation" hole 'free’

hole restricted

F. Manghi et al., %@ / ®®®

PRL 73, 3129 (1994). o

et e
% A
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40 a3
The 6 eV Satellite in N1 Metal NI, EVAPORATED 4 A- S
.l main E
line Q
Experiments: Each photohole is 2
accompanied by a 6 eV satellite :> L ’qé
(S. Hiifner, Photoelectron Spectroscopy ‘\
(Springer, Berlin 1995)) = |I
\_
Theory: 3BS Model . 0 ; A
(F. Manghi et al., PRB 59, R10409 (1999) & | |
S‘ 1 .. " o e 3
B O || D
- i
100 . oA L o
2y Q
| Q
aro Bonev
0 1 21’”2 _'_F,_//WL L
1 L | a0 e v
=3 4 2 0 ol
Electron Binding Energy {(eV) 4
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Renormalization of Band Dispersion by e-¢ Interaction: Ni

. Theory Theory
Experiment (single particle) (3BS model)

@ Minority spin
Valence Bands - Lecture 5 17 Manghi etal., PRB 59, R10409 (1999)

W

Quantitative Comparison of e-e Interaction Effects in Ni

Single particle (LDA)

=153 =10 =05 00 05 =15 =10 =05 00 05 =153 =10 =05 00 0.

Quasi particle (3BS)

0.=5" 0,.=27"
|
L3

-15 =140 405 [ Y- -15 -10 -05 0.0 0.5 -15 -10 05 00 05
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Even Stronger Renormalization in Cobalt

Sl Co(0001)
Cu(111)

3
% 2
£
= hep Co hep Co
4
5 a) Cu(111) 4 ML Ca/Cu(111) | c) 3BS Theory d) SP Theory
0 20 a0 80 20 40 60 0 20 40 60 D 20 40 60
Polar Angle {deg.) Palar Angle (dag.) Palar Angle (deg.) Polar Angle (deg.)
Single particle
Strong many-body effects!
Valence Bands - Lecture 5 S. Monastra et al., PRL 88, 236402 (2002)
Many-Body Effects are Strongly Spin Dependent
0
1
S .
g,

b) 3BS Theory (maj.) | ¢) SP Theory (min.) d) 3BS Theory (min.)

0 20 40 80 0 20 40 80 0 20 40 80 O 20 40 80
Polar Angle (deg.) Polar Angle (deg.) Polar Angle (dag.} Polar Angle {deg)
Majority spin Minority spin
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Electron-Phonon Interaction:
Renormalization of Dispersion by Phonons

Screening of electrons due
to ions -> m* increases !

A
electron-mode
coupling constant

Renormalization of m* by

Z1=1+A hwp
Some values for A:
Cu 0.15
Be 0.24 Ashcroft, Mermin
Ph;¥50 Tk “Solid State Physics”
9
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Observation of m* Renormalization in Beryllium

T T |
I'™M I T ] Ak (A1)
| 004
rape e 063
Y e [ [ [
_— _‘__#—eﬁ
i 4031
Ak =0.063 A" Sl

| I | !
-p00-400-300-200-100 Ef

-100

-200

Energy (meV)

Intensity (arbitrary units)

-300

U | | | ||
-0.06 -0.04 -0.02 0.00 0.02
I ! ! k-ke (A7)
-1000 -800 -600 -400 -200 Er
Energy (meV)
M. Hengsberger et al., F:
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Giant Kohn Anomaly

phonon dispersion curve

h A Epot
& adiabatic
situation
non-adiabatic
(dynamic screening)
: nuclear
Q. q coordinate
Kk
) Db
v
o Gl
=4
quasi-1D
Fermi surface nesting
1D g
optimum screening: Ep
- standing wave with same wave number (Q, = 2 kg !)
* large phase space for e - hole pair excitations (low ¢ / high q) e
Fk 1
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Surface Phonon Modes for H/Mo(110) AR .
- A Giant Kohn Anomaly ? o 1Al “
°“.:°D° ,,i o clean
100 A: -‘;f A 4
50 ¢ - —’? - .
3.3'-‘2-‘- L és N i.oo RE TN
00 L ood L (2x2)3H |
mﬁ]f%} e N + L | %
£ 1 A a
Ma(110)-direct |attice ° a g B ‘Q ‘! 075 ML
Me(110)-reciprocal lattice :%o a‘ o ns‘ .a
50 .g 4 A "
b o 1 F 1 F Tesl
HREELS Data et o~ -
. -855 ] I u§8 ° ] I cO |
R L B Y
T JLEE T IML
S LAY
] I 1 a
ol LI I AP 1L
Y j " a
J. Kroger et al., PRB 55, 10895 (1997) P P R e
Q2 93\16 vector
12
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Fermi Surface Contours of
Surface States on Mo(110)

Clean
Mo(110)
1 ML
Hydrogen
B. Kohler et al., PRL 74, 1387 (1995)
15
Valence Bands - Lecture 5 J. Kroger et al., PRB 61, 14146 (2000).
Evolution of Fermi Surface Contours
with Hydrogen Coverage
clean
@) Ky shong (0071 (A1) @) Ky song [001] (A1)
ig - E» . 0.6L Hy
. () o -400
g 200
F
E” e I 1.5L Hy
5 so0
% 800
= 1000
(e) ~
weo00d \ | 2.5LHy
E 4000 -} T
8 2000 - dum——"
-0.4 0.0 04 3
Ky slong [001] (A 1) K| slong [001] (A~1)
80LH 2
=> H-induced shift of Fermi surface contour
14
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Fermi Surface Nesting on 1 ML H/Mo(110)
Seen by Photoemission

Nesting
vectors

QAN QAN
EELS 0.90 122
PE 0.85 AP
DFT 0.86 Y23
Valence Bands - Lecture 5 J. Kroger et al., PRB 61, 14146 (2000). #

Fermi Surface Mapping on a High Temperature Supérconductor:
B1,Sr,CaCu,Oq,5 (001)

D-axis %
B

AW

a)

P. Aebi et al.,

PRL 72, 2757 (1994) Band Th
R an cory

d) Massidda et al.,
Physica 158C, 251 (1988)

16
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High—ResOlutioh Photoemission

A state-of-the-art photoemission beamline at Stanford (.S_S.R'L)

Scienta
hemispherical
analyzer

Undulator
Entrance slit =
4-jaw
Ox ﬁ aperture
' pherical
Ex j mirror
Detector
« Plane.;_
atings
" Toroidal S Jraing
Sample mirror Exit slit Scan
Highest resolution in energy and momentum
~2 meV in energy
~0.005 A-! in momentum
: i 17
Valence Bands - Lecture 5 Courtesy Z.-X. Shen, Stanford University
Bi2212: ;
First Fermi1 surface mapping, Ph-doped Bi2212:
superstructure contours -layer splitting
Two CuO layers

per unit cell

(TE7TC)

QT

+l

-1.0 0.5 0.0 0.5 1.0
Kx (n/a)

gdanov et al.,
ys. Rev. B 64, 180505 (2001)

P. Aebi et al., Phys. Rev. Lett. 72, 2757 (1994).
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Details on the Fermi Surface of BSCCO

* Superstructure
(0,0 (%, 0)
* Superconducting Gap
* Bilayer Splitting
(O,'T[) (TCI TE)
Valence Bands - Lecture 5 Courtesy Z.-X. Shen, Stanford University £

Anisotropy of the Superconducting Gap in BSCCO

... need to measure spectra exactly on the Fermi surface !

Trrrf]

EAAMAM AL LEARRL
I i

TUTTTTIRTIITENT] | TAPRTTTRTRITIN

LR BAS LARR]
T _|‘:1| T ] T
g H

(m, ™)

] Al
NPETSEET Py i | T PRTRTETE Fowy i | TIPRTTIRTIN
U Al Rl LI r

i ol iy

: 13 4 14 l\\.b => d-wave
METTTIRTL IRt | FINTTTARTRENNTEN | W1 FATTTRTAATTRN| TEMTTIRTE b
4 0 40 O 40 0 40 0 40 0 superconductor

Binding energy (meV)

; 20
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Pb-doped Bi2212: Bi-layer splitting

=<

r

_—ee

0.3 -0.2 -0.1 0.0-0.3 -0.2 -0.1 0.0
Energy (eV)

Energy (eV)

| ! i 1 —
-€.3-0.2 -0.1 0.0-0.3 -0.2 -0.1 0.0

Ky (r/a)

0.5

0.0

-0.5

y

LI B B L B

\

-,

/

Y

0.0
Kx (m/a)

-0.5

High energy and momentum resolution combined with improved sample enables the

clear observation of bilayer splitting
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Bogdanov et al. Phys. Rev. B 64, 180505 (2001)
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In Conventional Superconductors it is
Much Harder to See the Gap !

Density of states near E;, in the
superconducting state: BCS model
for different temperatures

BCS DOS dN(E,TV/dEN(D)

0.87T
0.98T,

I

-1 -0.5 0 0.5
energy Ef, relative to E,

Sample: 3 G
1.2+ wexp. dataat 19 K
——-BCSDOSat18 K
. 4 —— Fermi edge at 11 K
V,Si
1.0 o
Tc =17K 0.8
Agyp = 5 meV

2
m

Instr. Res. 2.9 meV !

normalized intensity [arb. unitg]

o
Y

02 r

F. Reinert et al.,
PRL 85, 3930 (2000)

0.0

=]
w

=
™

nomnalized intensities [arb. units]

=
=

0.2

10 -5 o 5
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anargy rel. E; [maV]




