
Reading and Problem Assignments for Physics 243A 
Surface Physics of Materials: Spectroscopy, Fall, 2016 

(In order of coverage in lecture) 
Reading: 
 

 Woodruff and Delchar, "Modern Techniques of Surface Science", 2
nd

 Edition-- 
 Chapter 1 

Chapter 2: Sections 2.1, pp.22 (bottom)-23(top) on Wood notation for surface structures,   
                                                  2.4, and 2.5 (pp. 31-37), 2.9.6 on standing waves 
Chapter 6: 6.9, 6.10, 6.11 

 Chapter 3: Sections 3.1, 3.2, 3.3, 3.5 
 
 

 Zangwill, “Physics at Surfaces”, downloadable Chapters 1-5 (see course website)-- 
 Chapter 1: Everything except "The roughening transition" 

Chapter 3: pp. 28-34, pp. 49-52 on STM 
Pages 85-86, 192-196, 204-212 
Chapter 2: All  
Chapter 4: Introduction, with lighter reading of The jellium model, One-dimensional band  
     theory, and Three-dimensional band theory, and detailed reading of Photoelectron  
     spectroscopy, Metals, and Alloys 
 

 Ibach, “Physics of Surfaces and Interfaces”, downloadable book (see course website)— 
             Chapter 2: 2.1, 2.2 
             Chapter 8: 8.2 
 

 Desjonqueres and Spanjaard, “Concepts of Surface Physics”, excerpts downloadable from  
             Course website: On STM current calculation, equilibrium shapes of surfaces, thermodynamics, 

kinetics and adsorption isotherms.  No need to follow every step, but this fills in the line of  
              arguments in Zangwill and lecture 
 

 Fadley, “Basic Concepts of XPS”, to be handed out, but also downloadeable— 
              Sections I, II, and III. A-C, with remaining sections by the end of the course 
  

 Attwood, Downloadeable excerpt on synchrotron radiation from the book 
           “Soft X-Rays and Extreme Ultraviolet  Radiation” (see course website) 
 
Problem assignments: 

Problem set 1-all.  Due Thursday, October 13th 
Problem set 2-all.  Due Thursday, October 27th 
 
Midterm exam: Tuesday, November 1st, open book and open notes.  Computers OK, but no cell 
phones, or use of material from prior offerings of this course beyond that at the website. 
 1 

Reading 

coverage 

for midterm 
Next 

reading in 

blue: 

Rest of “Basic 

Concepts” 

+Molecular 

Orbital Basics 

&Tight-

Binding 

Basics 

(from website) 



Office hours: 

 

TA: Galina Malovichko- 2:00-3:00 PM, Mondays, Physics 416 

 

Instructor: Chuck Fadley, 2:30-3:30, Tuesdays and Thursdays, 

Physics 241 (others by special appointment) 

 

Class consultant: Shih-Chieh Lin- 4:20-5:20, Wednesdays, Physics 

221 

 

Handing in problem sets: 

 

Hand in problem sets in class, or in secure submission box with 

class number on it.  The new homework submission boxes are 

located in the east wing at the first floor north entrance to the 

Physics Building – the same hallway where our student computer 

lab. is located (rm 106 Physics) 
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Cohesive energies and surface tension 

4 



Zangwill, p.11 
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Chemical shifts 

In core electron 

binding energies 
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The Wulff construction 

Zangwill, p.13 
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Scanning 

electron 

microscopy 

Images of 

Pb crystallites 
Wulff theorem: 

i/hi = constant 

i 

hi 

Zangwill, p.14 
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Scanning 

tunneling 

microscopy 

Images of 

Pb crystallites 

C. Bombis et 

al., 

Surface 

Science 511 

(2001) 83-96 9 



Emundts et al., Surf. Sci. 481, 13 (2001) 

Scanning tunneling microscopy images of Pb crystallites 

10 



Woodruff and 

Delchar, p. 191 

Fig. 3.44 
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From Prutton, 

Surface Physics 
12 



Oxidation of Silicon: Time evolution at 580℃, Langmuir form 

Langmuir-type adsorption: 

Growth rate is proportional 

to bare Si surface 

n

S )1(PP
dt

d





 = oxide coverage 

PS = sticking probability  

P = oxygen pressure 

n = reaction order 

The time evolution follows   

n = 1 first-order Langmuirian 

Sticking probability, PS = 

0.016—constant if no 

interaction between adsorbed 

species 
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Enta et al., PRB 57, 6294 (1998) 13 



At Equilibrium! 

Final saturation for 

0.5 coverage 
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CO on Pd(111)- The 0.5 ML saturation structures-at equilibrium! 

Coexistent- a slightly preferred at 120K 

CO 

LEED 
STM 

 

 

 

 

 

 

Clean surface 

spots 

2 

1 

3 
Pd layers 

Adlayer 

spots 

2 

4 

2 COs per rectangular cell, 4 COs per c(4x2) 

T. Gießel et al. / Surface 

Science 406 (1998) 90–102 
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Diffusion of water on TiO2 

and dissociation at an 

oxygen vacancy defect on 

the surface 

Topics in Catalysis (2010) 53:423–430 

doi 10.1007/s11244-010-9454-3 

Other STM movies at: 

http://phys.au.dk/forskning/forskning

somraader/condensed-matter-

physics/spm/stm-movies/  
16 
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Bremsstrahlung 

Al or Mg or... 

10-20 keV 

Producing x-rays: 

the good  

old-fashioned way 

+Ze 

e- 

1s 

2p 

3p e- 

See Section 

1.2 in “X-Ray 

Data Booklet” 
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X-ray spectrum from a rhodium target at 60 keV electron energy 

Bremsstrahlung: K  atomic number 

K 

K 

hmax=eV 

c/max = 
18 



Bremsstrahlung

Copper, Molyddenum,..

10-20 keV

Producing x-rays:

the good 

old-fashioned way

+Ze

e-

1s

2p

3p
e-

Line

Spectra

+a continuum

50-100 keV

How are these

measured?

How do the

2 aspects arise?

2p, j = 3/2 

2p, j = 1/2 

Spin-orbit splitting in 

 high-resolution x-ray 

spectra 

Slide Set 5 19 



=1s 

=2s1/2 

=2p1/2 
=2p3/2 

=3s1/2 
=3p3/2 
=3d5/2 

=4s1/2 
=4p3/2 
=4d5/2 
=4f7/2 

X-Ray 

Nomenclature 

(from “X-Ray 

Data Booklet”) 

See Section 

1.2 in “X-Ray 

Data Booklet” 

nl 
nlj=l+1/2 

nlj=l-1/2 
Spin-
orbit 

In general: 

N6= 4f5/2 
N4=4d3/2 
N2=4p1/2 

M4=3d3/2 
M2=3p1/2 

Δj=0,±1 

20 



X-Ray energies 

from the “X-Ray 

Data Booklet” 

Popular laboratory sources 

 for photoelectron spectroscopy 

21 



X-Ray energies 

from the “X-Ray 

Data Booklet” 

(cont’d.) 

22 



 
 

 

Inside a synchrotron 

radiation source 

u 

u / as 

seen by 

electrons 

0=c/u 

+Doppler 

=2c/ u 

Electron 

speed near c: 

0.99999994 c,  

= 3719 

Einstein 

needed again—

Special 

Relativity 

Radiofrequency 

Cavity 

See Attwood: page 137 
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Intensity    1                        n                         n
2

1                        n                         n

Intensity    1                        n                         n
2

1                        n                         n

Synchrotron 

Radiation 

Sources: 
e- 

vc 

30 psec long 

N N2 

N N 

24 
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2

2

1
γ

v
1

c





0 u

0

eB λ
K

2πm c


 

max 

 

 

c = Critical energy [keV] = 0.665 E2[GeV]B[T] 

c  

B0 

B0 

B0 
B0 

B0 

x

0

λ  as observed will 

increase if the magnetic

field B  is increased and/or

the gap of the magnets is

made smaller, or if viewed

away from the axis by

an angle θ

Odd  harmonics are much

stronger than even harmonics
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2

2

1
γ

v
1

c





0 u

0

eB λ
K

2πm c


x

0

λ  as observed will 

increaseif the magnetic

field B  is increased

or if viewed away 

from the axis by

an angle θ

 

max 

 

 

c = Critical energy [keV] = 0.665 E2[GeV]B[T] 

c  

1 mrad = 10-2(360/2) = 0.0572 
B0 
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RCP 

LCP 

Horiz. Lin. 

LCP 

Intensity    1                        n                         n
2

1                        n                         n

Intensity    1                        n                         n
2

1                        n                         n

Variable polarization 

with a bend magnet: 

above and below plane 

Below plane 

Above plane 

LCP 

RCP 

Horiz. Lin. 

28 



Advanced 

Light Source-- 

Sasaki-Carr 

Elliptically-

Polarized 

Undulator: 

Variable light 

polarization 

RCP 

LCP 

Horiz. Lin. 

Vert. Lin. 

Translating 

magnet 

arrays 

[Can also vary polarization 

to LCP, RCP by going 

above and below the orbit 

plane in a bend magnet] 29 



Typical 

surface/materials 

science expts. 

Vacuum 

Ultraviolet 

(VUV)- 

8-200 eV 

Soft x-

rays 

200-2000 

eV 

“Tender” 

x-rays 

2000-

10000 eV 

x(Å) = 12,398/[h(eV)] 

h = 

30 



Advanced Light Source-- 

Typical Soft X-Ray Spectroscopy Beamline Layout: to ca. 1500 eV 

10- 

100  

spot  

1 

2 1’ 

2’ 

x 

31 



Soleil (Paris)—Typical hard x-ray spectroscopy beamline 

HAXPES endstation 

Solid-State, Gas-

Phase, Liquid Jet 

30x80 µm² beam spot 

 

RIXS endstation 

Source: High-flux 

undulator 

(2.3 to 12 keV) 

Double-crystal 

monochromator 

 (Si 111 and 333) 
High res. mono.  

(∆E ~ 100 meV) 

Quarter-wave plate 

Variable polarization 

hν 

J.-P. Rueff, J. Rault 

10x10 µm² beam spot 

HAXPES 

RIXS 

x 

x 

 

 

Bragg: 

nx = 2dhksin 

n = 1, 2,… 
Julien RAULT - 17/06/2013 
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Scienta 

soft x-ray 

spectrometer 

Sample prep. 

chamber: LEED, 

Knudsen cells,  

electromagnet,... 

ALS 

BL 9.3.1 

h = 2-5 keV 
Chamber 

rotation 

5-axis 

sample 

manipulator 

Permits using all relevant soft and hard x-ray spectroscopies on a single sample: 

 PS, PD, PH; XAS (e- or photon detection), XES/RIXS, with MCD, MLD 

MULTI-TECHNIQUE 

 SPECTROMETER/ 

DIFFRACTOMETER (MTSD) 

Scienta 

electron 

spectrometer 

(hidden) 

33 



Electron 

spectrometer: 

Scienta SES 200 

Soft x-ray 

spectrometer: 

Scienta 

XES 300 

5-axis 

sample 

manipulator 

Loadlock 

for sample 

introduction 

X-ray 

tube 

Chamber 

rotation 

Diff. 

seal 

Detector carousel: 

High-speed ALS detector (’05) + 

MicroMott (’05) 

Sample prep. 

chamber: LEED, 

Knudsen cells, QCM,  

electromagnet,... 

Diff. 

seal 

Multi-Technique 

Spectrometer/ 

Diffractometer Sample 

 manipulator: 

to be 

upgraded, ’05: 

T down to 6 K 
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Synchrotron radiation sources of the world- about 41 and growing 

Free-electron laser (UV, X-ray)- about 5 and growing 

 

Nature Photonics 

 9, 

 281 

 (2015) 

   

Nature Photonics 9, 281 (2015)  

35 



Advanced 

Light Source 

San Francisco 

Group offices 

 & lab. 

UC Berkeley 

Marin County 

36 
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The Next Generation: The Free-Electron Laser 

38 



“X-Ray Data 

Booklet” 

 See Fig. 2.10 

PRESENT 

& 

Average brightness 

39 



Peak brightness 

“X-Ray Data 

Booklet” 

 Fig. 2.10 
40 
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“X-Ray Data Booklet” 

Section 3.1 

The five ways in 

which x-rays 

Interact with 

Matter: 

42 



The vacuum ultraviolet, soft x-ray, hard x-ray measurements: 

 

  

   
 

 

 h 
X-RAY ABSORPTION SPECTROSCOPY- XAS 

*NEAR-EDGE – NEXAFS, XANES 

  + X-RAY MAGNETIC CIRCULAR/LINEAR 

         DICHROISM- XMCD, XMLD 
#EXTENDED- EXAFS, XAFS 

 

  

   
 

 

 

e-
1, free 

h 

 
 

e-
2 

h’<h 

 

X-RAY EMISSION (FLUORESCENCE) 

SPECTROSCOPY 

The spectroscopies: 

e-
3, free  

= Auger 

or + AUGER ELECRON SPECTROSCOPY 

(Always accompanies photoelectron emission) 

h 

 

  

   
 

 

 

e-, free 

h 
PHOTOELECTRON SPECTROSCOPY= 

 PHOTOEMISSION – PS, PES, UPS, XPS 

+ DIFFRACTION-XPD, PhD 

+ HOLOGRAPHY-PH 

+ MICROSCOPY-PEEM 

43 



The ultraviolet, soft x-ray, hard x-ray measurements: 

 

From crystals: 

Bragg: 

nx = 2dhksin 

n = 1, 2,… 
hk 

X-ray diffraction from crystals and multilayers, standing waves: 

From multilayers: Incident 
beam 

n 
x 

Bragg: 

nx = 2(dA+dB)sinn 

 2dMLsinn 

n = 1,2,… 

dML 

Reflected beams 

DML = NdML 

N 

+Kiessig 

fringes: 

mx = 2sinm 

= 2DMLsinm 

m = usually 

large (often 

unknown) 

number 

Standing wave 

dML 

dhk 

Atomic scattering factor fi() 

nA= 1-A-iA 
nB= 1-B-iB 

Index of refraction 

44 



Online data and calculations at: 

http://henke.lbl.gov/optical_constants/getdb2.html 

A LITTLE X-RAY OPTICS 

= 
h 

(Sometimes changes sign through absorption resonances) 

= e
2
/4

0
m

e
e

2
 = 2.817 x 10

-15
 m 


CRIT

 = critical grazing angle at 

which  reflectivity begins (R  0.20)         

= [2]0.5 

Incident Reflected 

Transmitted 

& Absorbed 

Fresnel 

Equations 

I(z) = 

I(0)exp(-L/
h) 

z 

L 

(Sometimes with + signs on  and/or ) 

Sections 1.6 and 1.7 of X-Ray Data Booklet 45 



Sections 1.6 and 1.7 of X-

Ray Data Booklet 

Plus the “Bible” of Soft X-

Ray Optics: 

Henke, Gullikson, Davis, 

Atomic and Nuclear Data 

Tables 54, 181-342 (1993) 

x 

x 

h 

(h)2 
h 

4/X = = (NA/A)a = 1/h 

46 



SOME X-RAY OPTICAL 

EFFECTS:  REDUCED 

PENETRATION DEPTHS 

AND INCREASED 

REFLECITIVITY AT 

GRAZING INCIDENCE 

ANGLES 


CRIT

 = Grazing angle at which 

            reflectivity begins 

           (R  0.20) 

 

         = [2]0.5
 

Calculated online from: 

http://henke.lbl.gov/optical

_constants/atten2.html 

47 



http://henke.lbl.gov/optical_constants/multi2.html 

Bragg 

Kiessig 

48 
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What properties do wave functions of overlapping 

(thus indistinguishable) particles have?—electrons as example: 

1 1 2 2

2 2

1 1 2 2 2 2 1 1

1 1 2 2 2 2 1

( r ,s ; r ,s ), including spin of both electrons

But labels can' t affect any measurable quantity.

E.g. probability density :

( r ,s ; r ,s ) ( r ,s ; r ,s )

Therefore

( r ,s ; r ,s ) 1 ( r ,s ; r ,s

 

 

 







  1

12 1 1 2 2

12 1 1 2 2

12

)

P ( r ,s ; r ,s )

with P permutation operator r ,s ; r ,s

and eigenvalues of 1

Finally , all particles in two classes :

FERMIONS : ( incl. e ' s ) : ant

1 3 5
s , , .

isymmetric

P 1

BOSONS : ( incl. photons )

2 2 2

:

..





 















 

12s 0,1,2,...

symmetric

P 1   

Probability of finding two 

electrons at the same point in 

space with the same spin is 

zero: “the Fermi Hole” 

 

 

 

 

 

 

 

the Exchange Interaction 

Hund’s 1st rule & magnetism 

e1
- 

e3
- 

e2
- 

A brief review of 

electronic structure in 

atoms, molecules, and 

solids 
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Antisymmetry and the Pauli Exclusion Principle: 

 
Try Helium, 2 electrons in ground state 1s wave functions, “1s2" 

 

Simple normalized antisymmetric trial wave function is 

1 1 2 2 1s 1 1 1s 2 2 1s 1 1 1s 2 2

2 2 1 1 1s 2 2 1s 1 1 1s 2 2 1s 1 1

1 1

1
( r ,s ;r ,s ) ( r ,s ) ( r ,s ) ( r ,s ) ( r ,s )

2

int erchanging labels gives

1
( r ,s ;r ,s ) ( r ,s ) ( r ,s ) ( r ,s ) ( r ,s )

2

( r ,s ; r

    

    



       

       

  2 2,s ), as required

Can’t tell which electron is spin up--indistinguishable 

Also, if we try to put both electrons in 1s with spin-up (),  first term 

always cancels second term, and  = 0!  Therefore, we have the Pauli 

Exclusion Principle 
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Assume N-electron, P nucleus wave function to be: 

 

 

 

 
 

and also require orthonormality of one-electron orbitals 

 

 

Minimize total energy Hartree-Fock equations: 

 

with: 

 

One-electron integral:                                                                 

 

 

Two-electron coulomb integral: 

 

 

Two-electron exchange integral: 

 

                Lowers energy—”attractive” 

* *

1 1 1 2 1 2 1 2

12

1ˆ( ) | | ( ) ( ) ( ) ( ) ( )
iij i j i j j iK r K r r r r r dV dV

r
       

1 1 1 1 1 1

1 1

det min

( ) ( ) ( ) ( )
1

!
( ) ( ) ( ) ( )

N N

N N N N N N

Slater er ant

r r

N
r r

     

     

   

 
 


 
 
 

*( ) ( )i j ijr r dV  

s si j

N

i i ij m m ij

j

J K


  ,

0

1

[ ]  

0 2

1 1 1

1 1

1
( ) | | ( )

2

P

i i i

Z
r r

r
  



   

* *

1 1 1 2 1 2 1 2

12

1ˆ( ) | | ( ) ( ) ( ) ( ) ( )
iij i j i j i jJ r J r r r r r dV dV

r
       

1 1 1
ˆ ( ) ( ) ( ); 1,2,...i i iH r r r i N   

One-electron energies 

 or eigenvalues 

   binding energy 

Koopmans’ Theorem 

 or  

(35a) 

(47) 

(48) 

(45) 

(46) 

"Basic Concepts of XPS"-Sections 3.A.B. 

space: like 1s, 2s,… 
spin: () or () 
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(42) 

Note--Kij often 

Jij in solid-state 



Excited  

Atom Q 

n j 
hole 

N electrons 
No relaxation 

n’’ j’ 
electron 

Erelax 

Relaxation/Screening 

Fictitious state 
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Basic energetics—Many e- picture

kinetic kinet

Vacuum Fermi

binding binding spectrometer

Vacuum

binding final initial

ichν E E φ

E (Qn j ,K ) E (N 1,Qn j hole,K ) (N )

E E

E

    

  

Atom Q

Ion Q+

Kth state

n j
hole

Vacuum

bindingE (Qn j,K )

Relaxation/screening

N electrons

N-1

+ photoelectron @ 

Ekin = 0

X-ray absorption: n j n’’ j’ 
   

Ground-State  

Atom Q 
N electrons 

hv 

n j 
hole 

N electrons 

n’’ j’ 
electron 

Total  

Energy 



Basic energetics—Many e- picture

kinetic kinet

Vacuum Fermi

binding binding spectrometer

Vacuum

binding final initial

ichν E E φ

E (Qn j ,K ) E (N 1,Qn j hole,K ) (N )

E E

E

    

  

Atom Q

Ion Q+

Kth state

n j
hole

Vacuum

bindingE (Qn j,K )

Relaxation/screening

N electrons

N-1

+ photoelectron @ 

Ekin = 0

53 

Photoelectron emission: n j  photoelectron at Ekinetic  

Total  

Energy 
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Basic energetics—Many e- picture

kinetic kinet

Vacuum Fermi

binding binding spectrometer

Vacuum

binding final initial

ichν E E φ

E (Qn j ,K ) E (N 1,Qn j hole,K ) (N )

E E

E

    

  

Atom Q

Ion Q+

Kth state

n j
hole

Vacuum

bindingE (Qn j,K )

Relaxation/screening

N electrons

N-1

+ photoelectron @ 

Ekin = 0

Basic energetics—Many e- picture

kinetic kinet

Vacuum Fermi

binding binding spectrometer

Vacuum

binding final initial

ichν E E φ

E (Qn j ,K ) E (N 1,Qn j hole,K ) (N )

E E

E

    

  

Atom Q

Ion Q+

Kth state

n j
hole

Vacuum

bindingE (Qn j,K )

Relaxation/screening

N electrons

N-1

+ photoelectron @ 

Ekin = 0

Ion Q+ 
n j 
hole 

N-1 

No relaxation 

Ion Q+
n j
hole

N-1

No relaxation

Total  

Energy 

Erelax 

-n j (Koopmans’ Theorem) 

Photoelectron emission: n j  photoelectron at Ekinetic  

Fictitious state 
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"Basic Concepts of XPS" 

Figure 18 

Koopmans’ Theorem Calculation of C 1s Chemical Shifts in Small C-Containing Molecules 



Correlation and screening effects beyond a single Slater 

determinant: configuration interaction: 

   

K j

jK j

j

2

jK

For general N-electron state K:

(N ) weighted  sum of Slater determinants 

= C

with probability of each C

 







Basic Concepts of XPS, pp. 38-39 
56 
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In density-functional theory (DFT)local-density 

approximation (LDA): 

 

  Effects of non-local exchange 

 

 

and additional correlation effects are replaced in solving 

for ground-state one-electron orbitals by a local 

exchange-correlation potential: 

 

 

 

Where 

 
+ Various corrections/approximations going beyond this: 

generalized gradient approximation (GGA), GW and GW + 

cumulant expansions, dynamical mean field theory (DMFT), 

hybrid functionals mixing Hartree-Fock and LDA, quantum 

Monte Carlo,… 

 

* *

1 1 1 2 1 2 1 2

12

1ˆ( ) | | ( ) ( ) ( ) ( ) ( )
iij i j i j j iK r K r r r r r dV dV

r
       

ec

rr
V r

r

 

 

 

 

 
   

 

( )

( )

1/3 1/3

( )

1/3, ( )

0.056 ( )3 ( )3
( )

4 0.079 ( )



 

i i i
i N i N

r r r r
       

 

  
2

*

( ) , ( ) , ( ) , ( )
1,... 1,...

( ) ( ) ( ) ( )   
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K̂

K̂Ĥ

Converting to new 

coordinates 

Polar angle =   = arc cos(z/r) 

Azimuthal angle =  = arc tan(y/x) 

Quantum mechanically: 

 

2

0 0

0

sin d d

cos | 2 4

 



  

  



  

 

The Hydrogenic Atom 

Schroedinger Equation: 

Spherical Polar Coordinates 

e- 

+Ze 

r

V(r) = 

-Ze2/40r 

Classically: 

L r p

is conserved

 

p
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Atomic orbitals: 
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The atomic orbitals: 
mY ( , )

" spherical harmonics"

  

But we can make them real for convenience 

node for  = 90 

  node for 
 r = 6a0 

  nodes 
 for cos2 = 

1/3 
= 54.7, 

125.3  
  

sn m m n mΨ (r ,θ,φ,spin) Ψ (r ,θ,φ)x [α( ) or β( )]  

With spin 

e-r/na0  e-Zr/na0 for hydrogenic 

Z→Zeff(r) in many-e- atoms 
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Overall, in a many-electron system: 

 

●Anti-symmetry of total wave function implies: 

Pauli Exclusion Principle: 

No two electrons can have all the same quantum nos. 

n, , m , ms 

    or, if spin-orbit split 

n, , j, mj 

 

●Electronic structure determined by filling n,   (or n,  , j ) 
levels from lowest to highest energy  (En   or En j from radial 

Schroedinger Eqn. with Zeff ) 

 

●Partially filled subshells n,  (or n,  , j) have their lowest 

energy when a maximum no. of electrons have parallel spins 

= highest total spin  angular momentum =     (Hund’s First 

Rule), and then they couple to yield highest total orbital 

angular momentum =    (Hund’s Second Rule) 

S

L
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x 
y 

z 
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Total 

No e- 

2  

x2 

x2 

1s  

2s  

2p 

3s  

3p  

3d  

x2 

x2 

2  

10  

Filling 

degeneracy 

Maximum 

Occupation = 

Degeneracy 
2 
 
 
 
2 
 
 
 
6 
 
 
 
2 
 
 
 
6 
 
 
 

10 
 

+ 14 for nf 

  Filling the 

Atomic 

Orbitals: 

8 

18 
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And the same thing for the d orbitals: 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

eg and t2g not 

equivalent in 

octahedral (cubic) 

environment 

Ligand 

(e.g. O-q 

repulsive) 
Point at 

neighbors 

Point between 

neighbors 

Transition 

Metal (e.g. Mn) 

x 

y 

z 

x 

y 

z 
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Intraatomic electron screening  

in many-electron atoms--a simple model 

kC  1/(40) 

[Zeff] 

In many-electron atoms: 

For a given n, s feels nuclear charge 

more than p, more than d, more than f 

 

Yields Zeff(r) in simple picture, and 

lifts degeneracy on  in hydrogenic 

atom 
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Intraatomic 

electron screening  

in many-electron 

atoms--a self-

consistent Q.M. 

calculation 

 

Plus radial one-

electron functions: 

Pn (r)  rRn(r) 

 

General useful 

rule: 

(n-) maxima in 

radial probability 

density Pn (r)
2

  r2 

Rn(r)
2

 



Exchange interaction. 

Hund’s First Rule: 

highest total spin  

angular momentum 

Slide Set 5 68 
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WITH C1 AND C2 TABULATED CLEBSCH-GORDAN 

OR WIGNER 3j SYMBOLS 
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The energies are given in eV relative to the vacuum level for the rare gases and for 

H2, N2, O2, F2, and Cl2; relative to the Fermi level for the metals; and relative to the 

top of the valence bands for semiconductors (and insulators). 

X-Ray Data Booklet--Section 1.1  ELECTRON BINDING ENERGIES 

Missing 

valence 

B.E.s 

Electronic 

configuration 

 45             17              17  

   9               9 

 13             13 
Interpolated, 

extrapolated 

Valence levels 

Valence levels 
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X-Ray Data Booklet--Section 1.1  ELECTRON BINDING ENERGIES 

Valence levels 

Valence levels 



The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- Valence PES 
Core PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 RIXS = resonant inelastic x-ray scattering / x-ray Raman scatt. 

h 

h 

RIXS 

h” 

   < h 

h 

Net 
(h) 

XAS 

Hard   x-ray 

XES 

e-
1 e-

3 

AES 

h 

h’ < h 

e-
2 
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The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

Core PES 

h 
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hv 

i(bound) 

f(free) 

Vacuum 

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT 

  Photoelectron spectroscopy/photoemission: 

2
ˆ (1) (1)f iI e r  
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1000 800 600 400 200 0 

La4d Sr3d 

La4p 

Sr3p & 
La4s 

Sr3s 

O1s 

Mn 2p &   
Mn+La Auger 

O KLL 

Auger 

Mn2s 

La3d 

x = 0.4 
Survey scan 
h   = 1253.6 eV 

C
o

u
n

ts
 (

A
.U

.)
 

Binding Energy (eV)  

La0.6Sr0.4MnO3 

80 60 40 20 0 

Sr4p 

Sr4s 

O2s 

La5p 

La5s 

VB 

Mn3p 
Mn3s 

 h = 950 eV 

C
o

u
n

ts
 (

A
.U

.)
 

Binding Energy (eV)  

Core and valence photoemission 

Multiplets 

Mn 2p1/2 

Mn 2p3/2 
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The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- 

XAS 

Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

Core PES 

h 
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hv 

i(bound) 

f(free) 

Vacuum 

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT 

  Photoelectron spectroscopy/photoemission: 

2
ˆ (1) (1)f iI e r  

  Near-edge x-ray absorption: 
2

ˆ (1) (1)f iI e r  

i(bound) 

f(bound) 
Vacuum 

hv 
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Variation of  

Near-Edge X-Ray 

Absorption Fine 

Structure  

(NEXAFS) with Atomic 

No. for Some 3d 

Transition Metals 

“White lines” 

 4   :ATOM 

3.5 :SOLID 

3 

2.4 

2 

1.5 

0 

0.5 

Number of d-holes 

= 2p3/2 

= 2p1/2 

J. Stohr, “NEXAFS 

Spectroscopy” 

(Spring, 1992), 

Stohr and Siegmann, 

“Magnetism: From 

Fundamentals to 

Nanoscale 

Dynamics” (Springer 

Series in Solid-State 

Sciences, 2006), 

Chapter 9 

Download from 243A 

website: 

http://physics.ucdavi

s.edu/Classes/Physic

s243A/XMCD.stohr.si

egmann.abridged-for-

emailing.pdf  
80 

http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf
http://physics.ucdavis.edu/Classes/Physics243A/XMCD.stohr.siegmann.abridged-for-emailing.pdf


Variation of Near-Edge X-Ray Absorption Fine 

Structure (NEXAFS) for Different Polymers 

H. Ade, X-ray  Microscopy 99, 

 AIP Conf. Proc. 507, p.197 
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Variation of Near-Edge X-Ray Absorption Fine 

Structure (NEXAFS) for Different Polymers

Variation of Near-Edge X-Ray Absorption Fine 

Structure (NEXAFS) for Different PolymersPS 
PMMA 

PS 

SCANNING TRANSMISSION X-RAY MICROSCOPY OF POLYMER BLEND 

H. Ade, X-ray  Microscopy 99, 

 AIP Conf. Proc. 507, p.197 



Magnetic Circular Dichroism in X-Ray Absorption 

(XMCD) 

Ferromagnetic cobalt with magnetization 

 along incident light direction  

RCP  

LCP  

Very useful sum rules: 
    Spin magnetic moment— 
     
    Orbital magnetic moment— 
                    
 

 

                                                    component along magnetic field 
 











  

  


  

spin

B

orbital

B

Final

Final

C
[ A 2 B ] ( m )

3C
[ A B ] m

2

L
C ( cons tan t ) x( radial  matrix element squared)

3 2 L 1

83 

RCP 

LCP 

Stohr, Siegmann 

Eqs. 9.105, 9.106 



A FINAL (RELATIVISTIC) ATOMIC INTERACTION:  

SPIN-ORBIT COUPLING 

Slide Set 5 

84 



Spin=orbit coupling and a new angular momentum J 

Slide Set 5 85 
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WITH C1 AND C2 TABULATED CLEBSCH-GORDAN 

OR WIGNER 3j SYMBOLS 

Magnetic Circular Dichroism in X-Ray Absorption (XMCD): 

Only happens because of the spin-orbit effect 



Photoelectrons Ekins 

(Neglect Ekind) 

1/2 

3/2 

Example: Photoelectron spin polarization from spin-orbit 

coupling and circularly-polarized radiation—The Fano Effect 

Degenerate 
Spin 

externally 

referenced 

to 

of sample  
h ak d Mn

2
2

2
2

1/ 3 1
100

1/ 3 1
2 / 3

100 50%
4 / 3

up down

up down

I I
x

I I

x

 
 

 


  

+ RCP 
m=+1 

h 
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Photoelectron spin polarization from spin-orbit coupling and 

circularly-polarized radiation—The Fano Effect 

h 

m=-1 
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Fano effect and spin polarization (SP)  

in core photoelectron spectra—expt. 

Pz 

Spin detector 

h 

Pz 
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EF 

2P1/2( L2 Edge) 

2P3/2 (L3 Edge) 

Left-circular  

polarized 

(LCP) photon 

Right-circular  

polarized 

(RCP) photon 

Valence Band 

Densities of States 

Spin-down Spin-up 

MH

+ - 

Empty 

Filled 

MCD  ILCP - IRCP 

Magnetic Circular Dichroism in X-Ray Absorption 

(XMCD)  
J. Stohr,  

90 



Magnetic Circular Dichroism in X-Ray Absorption 

(XMCD) 

Ferromagnetic cobalt with magnetization 

 along incident light direction  

RCP  

LCP  

Very useful sum rules:  Spin magnetic moment— 
 
         Orbital magnetic moment— 
                   (  component along magnetic field) 
 

spin

B

orbital

B

C
[ A 2 B ] ( m )

3C
[ A B ] m

2
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The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- 

XAS 

Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

Electron-out: 

surface 

sensitive 

e-
2 

Core PES e-
1 e-

3 

AES 

h 
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hv 

i(bound) 

f(free) 

Vacuum 

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT 

  Photoelectron spectroscopy/photoemission: 

2
ˆ (1) (1)f iI e r  

  Near-edge x-ray absorption: 
2

ˆ (1) (1)f iI e r  

i(bound) 

f(bound) 
Vacuum 

hv 

  Auger  electron emission: 
2

2

1 3 2

12

12 1 2

2
2 *

1 1 2 21
01

2

1 3 2

12

2

(1) (2) (1) (2)

 r , and

1
        4 ( , )[ ( , )]

2 1

a complex operator,  no simple se

(1) (2) (1) (2

lection r

)

ules

f

m m

m

f

e e
I

r

with r r

re
e Y Y

r r

r

r





  

     

 

     
 

   

 
1 

2 
3 

Vacuum 

 

 

 
 

f 
Direct Exchange 

all bound 
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“Basic Concepts of XPS” 

Figure 1 

CLEAN ALUMINUM 

Bandgap of 

Al2O3 

Plasmons: 

Eplasmon = p = 

 (nvalencee
2/me0)

1/2 

Al 
Al2O3 

O 1s 
Al 2s, 2p 

94 



Or more accurately: 

K.E.  B.E.5
Z - B.E.3

Z+1- B.E.1
Z 

            B.E.5
Z - B.E.3

Z - B.E.1
Z+1 

        (average of two above) 

-Ebinding  
 positive 

+   

The equivalent core or Z+1 

approximation 

+Ebinding  
 negative 

+ 
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Plus see pp. 92-93 in 

 “Basic Concepts of XPS” 

O: Z = 8 

O core = O 1s
2
 = O

6+
 

 

 

 
 

 

Assume: 

O
6+*

 core with  

1s hole = O
7+ 

=
 

 

 

 

 

 

 

 

             = F
7+

 core 

F: Z = 9
                  

 

 

+8e 

1s
2
=-2e 

• 

• 

+8e 

1s
1
=-1e 

• 
• +9e 

1s
2
=-2e 

• 
• 

• 

The equivalent core or Z+1 approximation 

• 

O: Z = 8

O core = O 1s
2

= O
6+

Assume:

O
6+*

core with 

1s hole = O
7+

=

= F
7+

core

F: Z = 9



+8e

1s
2
=-2e

•

•

+8e

1s
1
=-1e

•
• +9e

1s
2
=-2e

•
•

•

•

96 



Ag MNN  

1253.6 - Auger Energy (eV) 

Ni LMM 

1253.6 - Auger Energy (eV) 

O KLL 

1253.6 - Auger Energy (eV) 

65      70      75      80      85
Kinetic Energy (eV)

65      70      75      80      85
Kinetic Energy (eV)

65      70      75      80      85
Kinetic Energy (eV)

Au N6,7O4,5O4,5 

X-Ray Data 

Booklet 

Fig. 1.4 

K.E.  B.E.1s 
Z=8 - B.E.2p

9- B.E.2p
8 

            B.E.1s
8 + B.E.2p

8 - B.E.2p
9 

            543.1 - 17 - 13  513 eV 

1s1/2  K 

2p3/2  L3 

2p1/2   L2 

2s1/2  L1 

Ekin = 

508.3 

97 



The energies are given in eV relative to the vacuum level for the rare gases and for 

H2, N2, O2, F2, and Cl2; relative to the Fermi level for the metals; and relative to the 

top of the valence bands for semiconductors (and insulators). 

X-Ray Data Booklet--Section 1.1  ELECTRON BINDING ENERGIES 

Missing 

valence 

B.E.s 

Electronic 

configuration 

 45             17              17  

   9               9 

 13             13 
Interpolated, 

extrapolated 

Valence levels 

Valence levels 
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The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- 

XAS 

Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

Photon-out: 

“bulk”, 

deeper 

interfaces 

Electron-out: 

surface 

sensitive 

e-
2 

Core PES 

XES 

e-
1 e-

3 

AES 

h 

h’ 

99 



Or more accurately: 

h’ = B.E.5 - B.E.3 or core 

 negative 

 positive 

+ 

+   

100 



=1s 

=2s1/2 

=2p1/2 
=2p3/2 

=3s1/2 
=3p3/2 
=3d5/2 

=4s1/2 
=4p3/2 
=4d5/2 
=4f7/2 

X-Ray 

Nomenclature 

(from “X-Ray 

Data Booklet”) 

See Section 

1.2 in “X-Ray 

Data Booklet” 

nl 
nlj=l+1/2 

nlj=l-1/2 
Spin-
orbit 

In general: 

N6 
N4 
N2 

 
M4 
M2 

Δj=0,±1 
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Electron binding energies 

Diff. = 11.2 

Diff. = 11.4 

See Tables 1.1 

and 1.2 in X-Ray 

Data Booklet 
102 



 

hv 

i(bound) 

f(free) 

Vacuum 

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT 

  Photoelectron spectroscopy/photoemission: 

2
ˆ (1) (1)f iI e r  

i(bound) 

f(bound) 

Vacuum 

h’ 

  Auger  electron emission: 

2
2

2

1 1 3 2

12

3 2

12

(1) (2) (1) (2) (1) (2) (1) (2)ff

e e
I

rr
      

1 

2 
3 

Vacuum 

  X-ray emission: 
2

ˆ (1) (1)f iI e r  

 
 

f(free) Direct Exchange 

all bound 

  Near-edge x-ray absorption: 
2

ˆ (1) (1)f iI e r  

i(bound) 

f(bound) 
Vacuum 

hv 
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Fluorescence yield  FY 

 

FY = probability of radiative 

decay  x-ray emission) 

 

1 - FY  = probability of non-radiative 

decay  Auger electron emission 

“X-Ray Data Booklet” 

Section 1.3 
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2p3/2 

2p1/2 

2s1/2 

1
s

1
(2

s
2

p
)6

 

1
s

1
(2

s
2

p
)5

 

1
s

1
(2

s
2

p
)4

 

1
s

1
(2

s
2
p

)3
 

3s1/2 

3p1/2,3/2 
K 

1s1/2 

1
s

1
(2

s
2

p
)6

 

Mg K series of x-rays: 

   atomic no. = 12 

Fluorescence Yield   0.03 

 Eb(Mg 1s) - Eb(Mg 2p1/2,3/2) 

= 1303.0 - 49.7 = 1253.3 eV 

“Basic Concepts of XPS” 

Figure 2 

K 

Many electron effects and satellites in x-ray emission 

105 



The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- 

XAS 

Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

RIXS 

h” 

h 

Photon-out: 

“bulk”, 

deeper 

interfaces 

Electron-out: 

surface 

sensitive 

h 

e-
2 

Core PES 

REXS 

XES 

e-
1 e-

3 

AES 

h 

h’ 
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MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: 

RESONANT EFFECTS 

hv 

i(bound) 

f(free) 

Vacuum 

2
ˆ (1) (1)f iI e r  

 

 Non-resonant photoemission: 

107 
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Chikamatsu et al., 

PRB 73, 195105 (2006); 

Plucinski, TBP 

Plucinski, TBP 

with expt’l. band offset  

Zheng, Binggeli, J. Phys. 

Cond. Matt. 21, 115602 (2009) 

Plucinski, TBP 

La0.67Sr0.33MnO3- Half-Metallic 

Ferromagnet 

SrTiO3 and La0.67Sr0.33MnO3 band structures and DOS 

Projected DOSs 

Spin-down 

Spin-up 
Spin-down 

Mn eg 

Mn t2g 
Expt’l. band 
offset 3.0 eV 

Expt’l. bandgap 
3.3 eV 

dxz+dyz 

dxy 

dz2 dx2-y2 

O 2p 

Spin-up 

dxz+dyz 

dxy 

SrTiO3-band insulator 

No spin 
down! 
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 Resonant Photoemission—La0.6Sr0.4MnO3, Mn 3d with Mn 2p 

Valence spectrum 
Mn 2p absorption 

spectrum 

Prior resonant PS: Fujimori et al., J.A.P 99, 08S903 (2006) 

t2g

eg

P
h
o
to

-e
-  
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The Soft and Hard X-Ray Spectroscopies 

Core 

VB 

EF 

CB 

e- 

e- 

XAS 

Valence PES 

PES = photoemission = photoelectron spectroscopy 

XAS = x-ray absorption spectroscopy 

AES = Auger electron spectroscopy 

 XES = x-ray emission spectroscopy 

 REXS/RIXS = resonant elastic/inelastic x-ray scattering 

h 

h 

RIXS 

h” 

h 

Photon-out: 

“bulk”, 

deeper 

interfaces 

Electron-out: 

surface 

sensitive 

h 

e-
2 

Core PES 

REXS 

XES 

e-
1 e-

3 

AES 

h 

h’ 
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hv 
hv’= 

hv- E 
m(N) 

i(N) 
f(N) 

E 

 Resonant inelastic x-ray scattering--The Kramers- 

Heisenberg Equation: 

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: 

RESONANT EFFECTS 

f emi m m inc i

f m i m m

m i

h

h

N e r N N e r N
I

E N E N i

E N E N

     


   

  



2

ˆ ˆ( ) ( ) ( ) ( )

( ) ( )

( ( ( ) ( )))





Vacuum 

incê

emiê

m

lifetime

t2Γ t
τ

m m mN (t ) N (0 )e N (0 )e
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X-ray 
absorption 
spectroscopy 
(XAS) 

Resonant 
inelastic 

x-ray 
scattering 

(RIXS) 
and 

Resonant 
elastic  

x-ray 
scattering 

(REXS) 

X-ray 
fluorescence 
spectroscopy 
=X-ray 
emission 
spectroscopy 
(XES) 
and 
Resonant 
inelastic x-
ray scattering 
(RIXS) 

Mn 2p3/2 

2p1/2 

NORMAL XES 

10.0 eV 

2p3/2 

2p1/2 

3s 
3p 
3d 

Vac. 

R
IX

S
 

R
E

X
S

 

X
E

S
 

Butorin et al., Phys. Rev. 

B 54, 4405 (’96) 
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Excitations probed by RIXS 

Aments et al., Rev. Mod. Phys. 

83, 705 (2011) 

=E 

REXS RIXS 

Normal 

XES 

K2,5 

Example: CuB2O4 plaquets 

Hancock et al., Phys. Rev. B 80, 

092509 (2009) 

=E

REXS RIXS

Normal 

XES

K2,5
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Core 

VB 

EF 

XAS 
unoccupied DOS 

(2°e- and h 

Detection) 

RIXS XES 

CB 

e- 

e- 

The Soft and Hard X-Ray Spectroscopies 

Surface/near surface Deeper 

XES, RIXS – 
band structure, 

partial DOS,  

d-d/other 

excitations 

XES 

“Bulk” 
e- 

XAS 

Valence PES Core PE 

“Bulk” 

Core PES - 
stoichiometry 

BE shifts 
 splittings, MCD 
spin polarization 

diffraction 

Valence PES - 
band struct., 

quasipart. exc., 

DOS, spin pol. 

Important!  Core levels Element-specific methods 

EXAFS 
Atomic structure 
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”MONOPOLE” 
1e- DIPOLEd/d 

"Basic Concepts of XPS" 

Section 3.D. 

tot 
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SAME SUBSHELL COUPLING + 

      TOTAL L,S”MONOPOLE” 

(N-1)e
-
 SHAKE-UP/ 

SHAKE-OFF 

”MONOPOLE” 
1e- DIPOLEd/d 

"Basic Concepts of XPS" 

Section 3.D. 

 

Section 6.D. 

tot 

:PD or EXAFS 



The vacuum ultraviolet, soft x-ray, hard x-ray measurements: 

 

  

   
 

 

 h 
X-RAY ABSORPTION SPECTROSCOPY- XAS 

*NEAR-EDGE – NEXAFS, XANES 

  + X-RAY MAGNETIC CIRCULAR/LINEAR 

         DICHROISM- XMCD, XMLD 
#EXTENDED- EXAFS, XAFS 

 

  

   
 

 

 

e-
1, free 

h 

 
 

e-
2 

h’<h 

 

X-RAY EMISSION (FLUORESCENCE) 

SPECTROSCOPY 

The spectroscopies: 

e-
3, free  

= Auger 

or + AUGER ELECRON SPECTROSCOPY 

(Always accompanies photoelectron emission) 

h 

 

  

   
 

 

 

e-, free 

h 
PHOTOELECTRON SPECTROSCOPY= 

 PHOTOEMISSION – PS, PES, UPS, XPS 

+ DIFFRACTION-XPD, PhD 

+ HOLOGRAPHY-PH 

+ MICROSCOPY-PEEM 
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v0 
e inc 

(c) 

fK

fk

0 = reference 

 wave 

j = object 

wave 

(a) (b) 

CO 

C1s 

500 eV 

ref. intens. 

I0   |0|
2 

Photoelectron Diffraction 
122 



0.65 Å 

Forward Scattering 

X-ray Photoelectron Diffraction:1ML FeO on Pt(111) 

(a) (b) 
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Scanned-energy 

photoelectron 

diffraction—an 

alternative 

approach (Shirley, 

Woodruff/ 

Bradshaw, 

Lapeyre, Chiang 

et al.) 



Photoelectron 

diffraction: 

Simple single-

scattering 

theory for s-

subshell 

emission 

Various papers 

by Shirley et al., 

Woodruff, Bradshaw 

et. al. 



COMPARISON OF SCANNED-ENERGY PD  

TO EXTENDED X-RAY ABSORPTION FINE STRUCTURE 

Also scanned-energy, 

but integrates over all 

electron emission 

directions 



Glitsch = Bragg reflection 

              in crystal 



Theory of Extended X-Ray Absorption Fine Structure 



Glitsch = Bragg reflection 

              in crystal 







Theory of Extended X-Ray Absorption Fine Structure 

k) 



COMPARISON OF SCANNED-ENERGY PD  

TO EXTENDED X-RAY ABSORPTION FINE STRUCTURE 

Also scanned-energy, 

but integrates over all 

electron emission 

directions 

133 



Glitsch = Bragg reflection 

              in crystal 
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135 

- =  antibonding 

      1sa - 1sb 

  

 + =  bonding 

  1sa + 1sb 

  

 

The quantum mechanics of covalent bonding in molecules:  

H2
+ with one electron 

 =R 

Total 

Energy antibonding 
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a.u. = -16.16 eV 

(Compare – 13.61 for H atom 1s) 

a.u. = +7.21 eV 

 negative 
(occupied) 

 positive 
(unoccupied) 

Bonding 

Anti-Bonding 
anti

MO  1sa - 1sa  

bonding
MO  1sa + 1sa  

 

 

Ha 
Hb 
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The LCAO or tight-binding picture for CO: 

Chemist’s picture  

(no core): 

C     O 
x 

x 
X  

x 

 

 

 

 
 

 

NON/WEAKLY CORE: 
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+Vibrational 

(and rotational) 

excitations 

C-O 

e- 

Photoelectric 

effect 

C-O+ 

excited 

e- @ 

infinity 
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THE ELECTRONS 

IN HF (OR HCl): 

ionic molecules 

F 
H 

1   E = -25.6 a.u. 

F 1s core 

       12 

 

HF: F1s222321x
2 1y

2  

1 e- 
9 e- 

Chemist’s picture  

(no core): 

 

H     F 

 

Three “lone pairs” 

X  

 

 

 


 


 


 


 

But kind of the 

third “lone pair” 
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PLUS SPIN:

()= m
si

= +½ = 

()= m
si

=  -½ = 

()

()

()

()

m
s

= 

m
sf

- m
si

= 0 !

+ with spin-

orbit: 

j = 0, 1 



141 "Basic Concepts of XPS" 

Chapter 3 

PLUS SPIN:

()= m
si

= +½ = 

()= m
si

=  -½ = 

()

()

()

()

m
s

= 

m
sf

- m
si

= 0 !

̂

̂ ̂

PLUS SPIN:

()= m
si

= +½ = 

()= m
si

=  -½ = 

()

()

()

()

m
s

= 

m
sf

- m
si

= 0 !

̂̂

̂ ̂

̂

 ̂  ̂ 

+ with spin-

orbit: 

j = 0, 1 
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The free-electron solid at absolute zero 
2 2

2

e

k
E(k ) 3.81(k( in )) ( in eV )

2m
  Å-1 

= the density of states 

v
f
 = k

f
/m

e
  



NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM. 
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NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM. 

144 
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L 
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Aluminum—fcc, 

a = 4.05 Å 

1s22s2 2p63s2 3p1 

Electronic bands and density of states for “free-electron” metals - 

Rydberg = 13.605 eV 

a 

0
 

2

/a

 

=
1
.5

5
Å

-1
 

Lithium—bcc, a = 3.49 Å 

1s22s1 

a 

2

/a

 

=
1

.8
Å

-1
 

k
x  

0
 

2 2

x
x

(k )
E(k )

2m


2 2

x
x

(k )
E(k )

2m
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Electronic bands and density of states for a semiconductor-Germanium— 

1s22s2 2p63s2 3p63d104s24p2 

Bonding 

(filled at  

T = 0) 

Anti-

Bonding 

(empty at 

T = 0) 

EF 

Vacuum 

Level Work 

Function, 

 = 4.8 eV 

Inner 

Potential, 

V0  4.8+0.3+12.6 

     = 17.7 eV 
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V0,Cu 

 =13.0eV 

 

 

- 8.6 eV 

Vacuum level 

The electronic structure of a transition metal —fcc Cu 
Cu = 4.4 eV = work function 

Experimental 

points from  

angle-resolved 

photoelectron 

spectroscopy 

(more later) 
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1x

3

4

1y

5

–
+

+
+–

+

Atomic orbital makeup

,( ) ( )MO AO

j Ai j Ai

Atoms A
Orbitals i

r c r  

1x

3

4

1y

5

–
+

+
+–

+

Atomic orbital makeup

1x

3

4

1y

5

–
+

+
+–

+

1x

3

4

1y

5

–
+

+
+–

+

Atomic orbital makeup

,( ) ( )MO AO

j Ai j Ai

Atoms A
Orbitals i

r c r  
Solid state tight-binding approach 

j

j

BF

k

ik R AO
Ai jAi ,k1/ 2

Ai= basis set of AOsj = 1.....N unit cells at R
in unit cell

φ (r ) = a Bloch function

1
            e c φ (r R )

N


  

Crystal potential-1D

Tight-binding wave function

Atomic orbitals

j-1
j j+1

jR

Bonding 

Anti- 

Bonding 

Ej 

Molecular 

orbital 

approach 



150 

And for the real d orbitals in fcc: 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

eg and t2g not

equivalent in 

octahedral (cubic) 

environment

Transition

Metal (e.g. Mn)

Ligand

(e.g. O)

eg and t2g not

equivalent in 

octahedral (cubic) 

environment

Transition

Metal (e.g. Mn)

Ligand

(e.g. O)

Face-centered cubic— 

t2g pointing at 12 nearest 

neighbors 

x 

y 

z 

xy 

yz 

zx 
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Copper densities of states-total and by orbital type: 

~Bonding       ~Anti-Bonding 

More localized 3d-like 

Delocalized free 

electron-like 
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The electronic 

structures of the 3d 

transition metals— 

 “rigid-band 

model” 

3s23p6 filled +      3d,4s CB    3d24s2                  3d34s2                    3d54s1                       3d64s2 

3d74s2                 3d84s2               3d104s1            3d104s2 

+ Flat “core-

like” Zn 3d 

bands at -0.8 

Rydberg 

+ Flat “core-

like” Ar 3s, 3p  

bands at -1.0-

1.5 Rydbergs 

+ Exchange! 

+ Exchange! 

+ Exchange! 

+ Exchange! 



153 
k = 0 k = 0 

Spin-down (Minority) 

Spin-up (Majority) 

The electronic bands and densities of states of ferromagnetic iron 

Exchange 

 splitting S = 2.2 Bohr 

magnetons 

(Atomic iron: 

2.0 Bohr 

magnetons) 

4 x ½ = 2 
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Hathaway et al., Phys. Rev. B 31, 7603 (’85) 

E
exch

 

V0,Fe 

 =12.4 eV 

Vacuum level 

Fe = 4.3 eV 

 -8.1 eV 



155 

Fe:  ANGLE AND  

SPIN-RESOLVED 

SPECTRA AT  POINT 
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And for the real d orbitals in octahedral: 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

e g 

t 2g 
3z 2 - r 2 x 2 - y 2 

yz zx xy 

x 

y 
z 

Face-centered cubic— 

12 nearest neighbors 

x 

y 

z 

xy 

yz 

zx 

- 

+ 

- + 

- 

+ 

- + 

+ 

- 

+ 

- 

+ 

+ 

- 

+ 

- + 
eg and t2g not

equivalent in 

octahedral (cubic) 

environment

Transition

Metal (e.g. Mn)

Ligand

(e.g. O)

eg and t2g not

equivalent in 

octahedral (cubic) 

environment

Transition

Metal (e.g. Mn)

Ligand

(e.g. O)

yz plane 

- 
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E.g.—Crystal field in Mn3+ & Mn2+ with negative octahedral ligands 

Mn3+ 3d4 

Bonding- 

Delocalized 

Non/Weakly-Bonding- 

Localized 

10 Dq 
Xstal fld. 

JH > 0 
Exchange 

Jahn- 

Teller 

x 

y 

z 

Mn2+ 3d5 

High-spin* 

High-spin*: 10Dq << JH 

/Low-spin* 

Low-spin*: 10Dq >> JH 

+ 

- 

A1 

B1 

E 

B2 

Group theoretical 
symmetry 

 bonding 

+ 
- 

+ 

 bonding 
+ 

- 

+ 

- 

- 

+ 

+ 

- 

O2pz 

O2pz 

- 

yz plane 



Chikamatsu et al., 

PRB 73, 195105 (2006); 

Plucinski, TBP 

Plucinski, TBP 

with expt’l. band offset  

Zheng, Binggeli, J. Phys. 

Cond. Matt. 21, 115602 (2009) 

Plucinski, TBP 

La0.67Sr0.33MnO3- Half-Metallic 

Ferromagnet 

SrTiO3 and La0.67Sr0.33MnO3 band structures and DOS 

Projected DOSs 

Spin-down 

Spin-up 
Spin-down 

Mn eg 

Mn t2g 
Expt’l. band 
offset 3.0 eV 

Expt’l. bandgap 
3.3 eV 

dxz+dyz 

dxy 

dz2 dx2-y2 

O 2p 

Spin-up 

dxz+dyz 

dxy 

SrTiO3-band insulator 

No spin 
down! 
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Experiment- spin-resolved PS 

La0.70Sr0.30MnO3 as thin film 

Park et al.,  Nature, PRB 392, 794 (1998) 

T << TC T > TC 

Half-Metallic Ferromagnetism 
O 2p  

O 2p  Egap 

JH 

Mn 3d 

  

 

EF 

O 2p  

O 2p  

  

  

FM : T << TC 

PM : T > TC 

Mn 3d 

t2g      eg 

 

Energy (eV) 
Pickett and Singh, PRB 53, 1146 (1996) 

O 2p 

La 4f   

 
 

Egap   

  

  

JH 

LDA theory- FM La0.75Ca0.25MnO3 

t2g t2g 

t2g 
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SURFACE ELECTRONIC STATES 

(d character, localized) 

(s,p character,  
             delocalized) 
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Shockley 

surface 

State: 

s,p makeup 

Tamm 

surface 

state: 

3d makeup 

 

Surface states 

on Cu(111) 
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“The UPS Limit” 

Vary  to scan   

 

,|| ,||f fK k
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The Nobel Prize in Physics 2010 

Andre Geim, Konstantin Novoselov 

…"for groundbreaking experiments 

regarding the two-dimensional 

material graphene" 

Bostwick et al., Nature Physics 3, 36 - 40 (2007) 

Photoelectron spectroscopy  

164 



XFH Standing   SW = X/(2sin X
I) 

Wave: LP, RCP, LCP, UP 

h 

SW 

XES, RIXS 

XFH-1, RXFH 

h’ 
<h 

REXS, XRD, XAS,  

NEXAFS/XANES, 

EXAFS, XRO 

PS, PD, PH 

CD, MCD, SP, 

 RPS 
e- 

X
R X

I e 

exp(-Le/e) 
exp(-XLX)= 

  exp(-LX/X) 

fe 

fX 

X
T<X

I 

X-ray Fluorescence Holography 
 (XFH, XFH-1 ), Resonant XFH (RXFH)  
X-ray Emission Spectroscopy (XES), 
Resonant Inelastic X-ray Scattering (RIXS) 

Resonant Elastic X-ray Scattering (REXS) 

X-Ray Diffraction (XRD) 

X-ray Absorption Spectroscopy (XAS) 

X-Ray Optical measurements (XRO) 

Near-Edge X-Ray Absorption Fine-Structure 

(NEXAFS)/ X-Ray Absorption Near-Edge 

Structure (XANES); Extended X-Ray 

Absorption Fine Structure (EXAFS) 

fX 

fe 

Multi-atom resonant 
photoemission (MARPE) 
Photoelectron 
Spectroscopy (PS), 
Diffraction (PD), 
Holography (PH) 
+ Circular Dichroism (CD),  
   Magnetic CD (MCD), 
   Spin Polarization (SP) 
   Resonant Photoemission 
                  (RPS) 

fX 

Some basic measurements: 

V0 

n = 1 -  - i 
   

(Kramers-Kronig) 

 1-(r0 X
2/2)nifXi(0) 

 
X = 4/X 

 
X

R = X
I
  

CRIT
I = (2 )1/2 

TX 
RX + TX = 1 165 


