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

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 85-8, 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 equilibrium shapes of surfaces, thermodynamics, kinetics and adsorption isotherms,STM current calculation, photoelectron diffraction 

and Debye-Waller factors.  No need to follow every step, but as needed to fill in the line of arguments in lecture and Zangwill 

  FADLEY, “BASIC CONCEPTS OF XPS”,  HANDED OUT, BUT ALSO DOWNLOADEABLE— 
              Read all of it  

 FADLEY, “THE STUDY OF SURFACE STRUCTURES BY PHOTOELECTRON DIFFRACTION AND AUGER ELECTRON DIFFRACTION”, 
             PAGES 421-450 only, DOWNLOADABLE FROM COURSE WEBSITE 

 with other examples and exercises using the EDAC web program introduced in lecture  

 ATTWOOD, DOWNLOADEABLE EXCERPT ON SYNCHROTRON RADIATION FROM THE BOOK 
           “Soft X-Rays and Extreme Ultraviolet  Radiation” (see course website) 

 SIX READING DOWNLOADS FROM THE COURSE WEBSITE: If needed for comprehension at level of lectures or to use programs 
1) Molecular orbital basics 
2) Tight-binding basics 
3) Core-Hole Multiplets with Charge Transfer--Basic Theory, or similar pages from Book by de Groot and Kotani 
4) Brief Manual for SESSA spectral simulation program 
5) Brief Manual for CTM4XAS20 charge-transfer multiplet simulation program 
[ 7) Optional only for physics students: Basic theory for the Hubbard Model of bonding } 
 

PROBLEM ASSIGNMENT 4-FINAL: Not all problems assigned 
           Problem Asst. 4—4.5, 4.7(a) only, 5.1, 5.2, 5.3. 5.4, 5.7, 5.8, 5.9, 5.10, due Friday, December 2nd 

 

REMAINING LECTURE SCHEDULE: 

22 November, Happy Thanksgiving!, 29 November and 1 December 
   

FINAL EXAMINATION: TUESDAY, DECEMBER 6TH, 10:30-12:30 PM, PHYSICS 185 
Open book: You may use lecture notes, copies of lecture slides, textbooks, and laptops, with signed 
affirmation as follows: 

I will not make use of any hardcopy or online material from prior versions of this course 
that is not posted at the current course website. 

Copying from such material will be considered as cheating. 
 

 



XFH Standing 

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
  

SW = X/(2sin X
I) 

 
CRIT

I = (2 )1/2 

i 

TX 
RX + TX = 1 



Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 







e(nm) 
TPP-2M 

Changing photon energy 

sweeps through IMFP 

minimum, changes surface 

and bulk sensitivity 

dramatically 

Be(0001)-Surface core-level shifts 
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Basic energetics—Many e- picture
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Basic energetics—Many e- picture

kinetic kinet

Vacuum Fermi

binding binding spectrometer
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binding final initial
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Ion Q+

Kth state

n j
hole
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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 



8 
"Basic Concepts of XPS" 

Figure 18 

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



GROUND-STATE POTENTIAL MODEL FOR CORE-LEVEL 

     CHEMICAL SHIFTS 

• 

• 

• 

Valence electrons (molecular orbitals, bands) 

Core electrons 
Atom A 

Atom B 

Atom C 

rAB 

e- 

• 
ZA 

ZB 

ZC rAC 

Core binding energy on A in 

molecule ABC = 

Core binding energy of free ion A 

with charge qA 

+ qBe2/rAB + qCe2/rAC 

(+ relaxation corrections) 

net charge qB 

net charge qC 

net charge qA 

• 

• 

• 

Ion of charge qA 

rAB 

e- 

• 

Point charge qB 

Point charge qC 

rAC 



FREE-ION 

(INTRAATOMIC) 

ASPECTS OF 

SHIFTS: 

KOOPMANS’ 

THEOREM & 

CLASSICAL 

CHARGED SHELL 

“Basic Concepts of XPS” 

Figure 19 



POTENTIAL MODEL CALCULATION OF 

 CARBON CHEMICAL SHIFTS 

“Basic Concepts of XPS” 

Figure 24 



Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

 



 

 
 

 

 

 

ADDITIONAL SOURCES 

OF STRUCTURE (AND 

INFORMATION!) IN 

SPECTRA BEYOND 

CHEMICAL SHIFTS 

= covered 
   so far 

 



CORE-LEVEL MULTIPLET 

SPLITTINGS IN Mn 

COMPOUNDS 

“Basic Concepts of XPS” 

Figure 31 



ORIGIN OF MULTIPLET SPLITTINGS IN Mn
2+: 

“ONE-ELECTRON” THEORY 

S’=3 

L’=1 

S’=2 

L’=1 

S=5/2 

L=0 

“Basic Concepts of XPS” 

Figure 30 

“ 

General   Mn
2+

 

S”=3 

L’=0 

S’=2 

L’=0 

” 

’ (2S’+1)   

(2S”+1) 



Correlation 

CI effects: 

anti-parallel 

electrons 

“Basic Concepts of XPS” 

Figure 33 

CI = 

configuration 

interaction 



Spin 

externally 

referenced 

to 

of sample  
h ak d Mn

Spin 

internally 

referenced 

to spin of 

each ion  





MHT = 

multiplet hole 

theory with CI 

SO = spin-

orbit 

XSTAL FLD. 

= crystal field 



ORIGIN OF MULTIPLET SPLITTINGS IN Mn
2+: 

“ONE-ELECTRON” THEORY 

S’=3 

L’=1 

S’=2 

L’=1 

S=5/2 

L=0 

“Basic Concepts of XPS” 

Figure 30 
General   Mn

2+
 

S”=3 

L’=0 

S’=2 

L’=0 

” 

‘ 

(2S’+1)   

(2S”+1) 



ORIGIN OF MULTIPLET SPLITTINGS IN Mn
2+: 

“ONE-ELECTRON” THEORY 

S’=3 

L’=1 

S’=2 

L’=1 

S=5/2 

L=0 

“Basic Concepts of XPS” 

Figure 30 
General   Mn

2+
 

S”=3 

L’=0 

S’=2 

L’=0 

” 

‘ 

(2S’+1)   

(2S”+1) 
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SAME SUBSHELL COUPLING + 

      TOTAL L,S”MONOPOLE” 

(N-1)e
-
 SHAKE-UP/ 

SHAKE-OFF 

”MONOPOLE” 
1e- DIPOLEd/d 

"Basic Concepts of XPS" 

Chapter 3 

tot 

Differential  

cross section: 

d/d
3s

 

(3s
1
3p

6
3d

5  6
S) 

from initial state 



MHT = 

multiplet hole 

theory with CI 

SO = spin-

orbit 

XSTAL FLD. 

= crystal field 





1s core levels 

FILLING OF THE MOLECULAR ELECTRONIC STATES 

OF DIATOMIC NO AND O
2
 

NO O
2
 



1s core levels 

S = 1 

 

NO 

S = ½ 

 

FILLING OF THE MOLECULAR ELECTRONIC STATES OF 

HOMONUCLEAR DIATOMIC MOLECULES & NO 

S = 1 S = 0 

S = 0 

S = 0 

Multiplet splitting  K1s,2p* 



Hosaka et al., J. Phys. B 

36, 4617 (2003), and 

earlier theory from 

Bagus and Schaefer, 

J. Chem. Phys. 55, 1474 

(1971) 
Fig. 34 

Basic Concepts of XPS 

MULTIPLETS IN FREE 

MOLECULES 

S = 1 

S’=3/2 & 1/2  

S = 1/2 

S’=1 & 0  



 

 
 

 

 

 

ADDITIONAL SOURCES 

OF STRUCTURE (AND 

INFORMATION!) IN 

SPECTRA BEYOND 

CHEMICAL SHIFTS 

= covered 
   so far  

 

 





SAME SUBSHELL COUPLING + 

      TOTAL L,S”MONOPOLE” 

(N-1)e
-
 SHAKE-UP/ 

SHAKE-OFF 

”MONOPOLE” 
1e- DIPOLEd/d 

S0
2 in EXAFS (LATER) 



“Basic Concepts of XPS” 

Figure 36 



2p3/2 

2p1/2 

2s1/2 

1
s

1
(2

s
2

p
)8

 

1
s

1
(2

s
2

p
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1
s

1
(2

s
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p
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1
s

1
(2

s
2
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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 

32 

Shake-up/off 



Electron can escape 

Ethane: C 1s NEXAFS, with shakeup also 

Rennie et al., J. Phys. B: At. Mol. Opt. Phys. 32 (1999) 2691 



Shake-up satellites: 

20-25% of intensity 

Ethane- 

C 1s photoemission: 

“Conjugate shake-up” 

C 1sunoccupied MO 

+occupied MO to free 

electron 





Doniach- 

Sunjic 

Line- 

shape 

Au 

5d106s1 

Pt 

5d96s1 

BAND THEORY—D.O.S: 

Deconvolute 

instrum. contrib. 

4.0 

• 

30.5 

• 

EF 

EF 

“Basic Concepts of XPS” 

Figure 10 

“Basic Concepts of XPS”, Figure 37 

SHAKE-UP IN METALS—  D.O.S AT E
F
:       



 = many-body  

      “self energy” 

   = Re + iIm 

= E 

E x 
lifetime

   / 2
In valence-band studies:   Incoherent peak(s)      Quasiparticle 

peak(s)      

S0
2 in EXAFS (LATER) 



 

 
 

 

 

 

ADDITIONAL SOURCES 

OF STRUCTURE (AND 

INFORMATION!) IN 

SPECTRA BEYOND 

CHEMICAL SHIFTS 

= covered 
   so far 

 

 

 



SATELLITES & CHARGE-TRANSFER SCREENING 

            O2- 

             | 

O2- -Cu2+3d9-O2- 

                  | 

            O2- 

e- 

“Basic Concepts of XPS” 

Figure 38 

Binding Energy 





CuCl2 

CuF2 More Ionic 

More Covalent 

Screening 

depends on 

Ionicity/covalency 

satellite intensities 

can be used to 

measure interaction 

parameters 

Binding Energy 

CuBr2 



Screening 

depends on 

Ionicity/covalency 

satellite intensities 

and energy spacings  

can be used to 

measure interaction 

parameters 



The Hubbard model-mixing a localized on-site 

picture and a delocalized band picture (optional) 

+243A download at website 



0.0 

The Hubbard model-mixing a localized on-site picture 

and a delocalized band picture (continued) 



 J
cd 

 = coulomb integral 

Good discussion of model: 
Bocquet & Fujimori, J. Elect. 
Spect. & Rel. Phen. 82, 87 
(1996) 
 
 
By now: 
Book by de Groot and Kotani 
(@website) and the 
CTM4XAS program 
for calculating this 
for some cases: 
http://www.anorg.chem.uu.nl/
CTM4XAS/index.html  

Localized configuration interaction approach to spectrum simulation: 
Anderson impurity model (AIM, SIAM) for PS, XAS, XES 

Upd  

Ucd = 

Udd = 
 J

dd 
 

http://www.anorg.chem.uu.nl/CTM4XAS/index.html
http://www.anorg.chem.uu.nl/CTM4XAS/index.html
http://www.anorg.chem.uu.nl/CTM4XAS/index.html


From CTM manual: 

From Bocquet & Fujimori, J. 

Elect.Spect. & Rel. Phen. 82, 

87 (1996): 

Originated in the Hubbard Model: Ashcroft and Mermin, pp. 689-691, article at website, 

and (downloadable) book by de Groot and Kotani 
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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 

- 

JH calculated from atomic 

exchange integrals: K3d,3d 
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Calculating all these effects in XPS, XAS, XES, RIXS 

The CTM4XAS Program 

http://www.anorg.chem.uu.nl/CTM4XAS/  

 

Register and follow download and install sequence 

http://www.anorg.chem.uu.nl/CTM4XAS/
http://www.anorg.chem.uu.nl/CTM4XAS/
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If you get a truncated GUI like this: 

Click on this 

little arrow 

And then you 

get something 

expandable to: 



MORE IONIC 

MORE COVALENT 

Park et al. 

Phys. Rev. B 

37, 10867 (1988) 

Core 

hole-d 

attraction 

Upd = 

Ucd = 



0.000

0.002

0.004

0.006

0.008

0.010

0.012

Photon energy (eV)

 

AK: MnO_th_vs_axp_alex.opj




 theory

 expt.

 

O
p

ti
c
a
l 
c
o

n
s
ta

n
t,

 

635 640 645 650 655 660
-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

 theory

 expt.

O
p

ti
c
a
l 
c
o

n
s
ta

n
t,

 
MARPE theory 

MARPE theory 

Experiment  XAS 

RPE theory Experiment 

(via Kramers-Kronig) 

L3 = 2p3/2 

L2 = 2p1/2 

MnO as a typical example-XAS 

(a) 

(b) 

From 

tabulated 

values: 

CXRO, 

Much 

different 

near 

resonances! 

Kay et al., Phys. Rev. B 63, 115119 (2001) 



MnO 

Udd  

Upd  

XPS satellites-MnO 

Sat.  Main 

MnO (NaCl structure) 

Mn2+ O2- 

Mn octahedral 



-1.99/3 = -1.1  6.0 From later paper and Brief Manual  6.5 U/(Q = core hole attraction) = 0.7-1.0, a best fit no. is 0.83. 

T  / T  

For octahedral coord.: 

More recent data: 

Phys. Rev. B 63, 115119 (2001) 

In problem set 



Free atom 

MnO 

Much more info. and 

several examples in the 

Brief Manual for 

CTM4XAS20 charge-

transfer multiplet 

simulation program, 

downloadable from website 



Free atom MnO 

Screening 



Free atom (shifted) MnO 



The same thing 

happens in open d-

shell metals, but 

more complicated to 

simulate! 



 

 
 

 

 

 

ADDITIONAL SOURCES 

OF STRUCTURE (AND 

INFORMATION!) IN 

SPECTRA BEYOND 

CHEMICAL SHIFTS 

= covered 
   so far 

 

 

 

 

 Review 



SAME SUBSHELL COUPLING + 

      TOTAL L,S”MONOPOLE” 

(N-1)e
-
 SHAKE-UP/ 

SHAKE-OFF 

”MONOPOLE” 
1e- DIPOLEd/d 



VIBRATIONAL 

STRUCTURE IN 

VALENCE-LEVEL (MO) 

SPECTRA 

 

Diatomic A-B example 

 

(Also applies to core-

level emission if 

equilibrium distance 

changes on forming 

core hole) 



 

 
 

 

 

 

ADDITIONAL SOURCES 

OF STRUCTURE (AND 

INFORMATION!) IN 

SPECTRA BEYOND 

CHEMICAL SHIFTS 

= covered 
   so far 

 

 

 

 

 



Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 

 



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL 



 Bond Lengths 
& 

Atomic 
Positions 

 HIGHER ORDERS       

     FORWARD SCATT. = “OTH ORDER”       Bond & Low-Index 
Directions 

Photoelectron 

diffraction: 

A Simple 

Picture 
 Holographic 

fringes 

scat       



PHOTOELECTRON DIFFRACTION AND HOLOGRAPHY 

Single 

Crystal 



photon electron 

High-1.0 

Low-0.5 

Scanned-angle photoelectron diffraction: Ge(111) 

   

 

The inside view 

[010] 

[111] 

[111] 

_ 

Forward scatt. 

peaks 

Ge 3d emission from Ge(111) 

At 1458 eV 

Tran et al. 

Surf. Sci.  

281, 270 (1993) 



Fingerprint 

identification 

of short-range 

atomic 

structure 

and symmetry 





EFFECTS OF 

ELASTIC 

SCATTERING ON 

ANGULAR 

DISTRIBUTIONS: 

SINGLE-CRYSTAL 

SAMPLE 

PHOTOELECTRON 

DIFFRACTION 

And 

PHOTOELECTRON 

HOLOGRAPHY 



Photoelectron 

diffraction: 

Simple single-

scattering 

theory for s-

subshell 

emission 





Vj(r) 

p = k 

Lmax = rMT x p =  krMT 

                         max 

  

Vj(r)

p = k

Lmax = rMT x p =  krMT

  max



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING 



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING 



Vibrational effects 

on diffraction: The 

Debye Waller factor 

No effect in 

forward scattering: 

 

Maximum effect 

in backward scattering 

Δk 0





Determining 

the orientation of an 

adsorbed molecule 

from photoelectron 

diffraction at about 

1 keV energy 



[001] 

[110] 
_ 

Carbon 

Oxygen 

Nickel 



1 

2 

1 

3 





• 1 2 

3 

X 4 domains 

rotated by 90 

7 atoms: 

Online 

calculation of 

photoelectron 

diffraction 

patterns: 

Oxygen 

1
st

 order 

diff. ring 

User friendly web-based 

program for PD calculations 

by Javier Garcia de Abajo, 

DIPC, Donostia-San 

Sebastian, Spain 

http://garciadeabajos-group.icfo.es/widgets/edac/index.html 







8.1 eV  from band struct. 

 + work function = 4.3 eV 

= 12.4 eV 
12.4 



Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  

Atomic radius 

= rMT 

= 0.5 n-n dist.  



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 





CO/Fe(001)—Effect of CO height z 

above first Fe plane 

7 atoms: 

2 atoms: 

Oxygen- 

1
st

 order 

diff. ring 

Iron- 

1
st

 order 

diff. ring 



CO/Fe(001)—Effect of CO bond dist. 



CO/Fe(001)—Effect of CO height z 

above first Fe plane 

7 atoms: 

2 atoms: 

Oxygen- 

1
st

 order 

diff. ring 

Iron- 

1
st

 order 

diff. ring 



CO/Fe(001)—Effect of CO bond dist. 



19 atoms: 

31 atoms: 

CO/Fe(001)—Effect of cluster size 

19  31, AND SO “CONVERGED” AT 19 OR LESS 



CO/Fe(001)—Effect of scattering order 

Single scattering: 

Fourth order scattering: 

APPROX. CONVERGED AT SINGLE—FOR THIS 

PARTICULAR PROBLEM ONLY! 



4-atom Fe nearest-neighbor chain along [110]— 

Effect of scattering order 

Scattering order: 

1st 2nd 3rd 

4th 5th 6th 

Converged at 5th 

Generally need 

multiple scattering for 

deeper-layer emitters 



Multiple scattering 

along atomic 

chains: 

Cu nearest-neighbor 

chains along [110]— 

Effect of scattering 

order 

Plus cf. Figs. 6 and 7 in C.F., “The 

Study of Surface Structures by 

Photoelectron Diffraction and Auger 

Electron Diffraction” 



Linear p polarization: 
 
 
 
 
 
 
Right circular polarization: 
 
 
 
 
 
 
Left circular polarization: 
 

Circular  

dichroism 

in angular 

distributions 

(CDAD) 

Effect of varying the polarization?:  C 1s emission from CO 

                                                                         Ekin = 200 eV 



 non-magnetic 

dichroism effects 

due to photoelectron 

diffraction 

(CDAD) 

R 

R 

L 



DIFFRACTION 

PEAK 

Phase accumulation 

To a scatterer at Rnn 





100 

SAME SUBSHELL COUPLING + 

      TOTAL L,S”MONOPOLE” 

(N-1)e
-
 SHAKE-UP/ 

SHAKE-OFF 

”MONOPOLE” 

"Basic Concepts of XPS" 

Chapter 3.D. 
1e- DIPOLEd/d 

spin-orbit + 



Photoelectron spin polarization from spin-orbit coupling and 

circularly-polarized radiation—The Fano Effect 



102 

 

More Realistic 

Theory: 

Single Atom 

A. Kaduwela, 

unpublished 

Ekin = 145 eV 



103 

 

 

More Realistic 

Theory: 

Ferromagnetic 

Cluster 

A. Kaduwela, 

unpublished 

“Circular 

Dichroism 

In Angular 

Distributions” 

(CDAD)-more 

later 



Photoelectron diffraction from W(110) interface atoms beneath an Fe overlayer 

Fe 

W1 

W2 

Photoelectron 

diffraction: 

some case 

studies 



Fe on W(110): Determination of structure by expt./theory comparison 

 [100] 



SiO2 

Si3+ 
Si2+ 

Si1+ 

Si 

N
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f 
p

h
o

to
e
le

c
tr

o
n

s
 f

ro
m

 t
h

e
 s

il
ic

o
n

 2
p

 l
e
v
e
l 

Few atomic layers 

of oxide—Si (001) 

Few atomic layers 

of oxide—Si (011) 

Looking into the silicon dioxide layer with photoelectron spectroscopy  
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E 
bin

  / eV

Spin-orbit-splitting 0.58 eV 

Si0 width  0.48 eV  

Si1+ shift / width 0.9 / 0.59 eV 

Si2+ shift / width 1.74 / 0.72 eV 

Si3+ shift / width 2.46 / 0.84 eV  

Si4+ shift / width 3.54 / 1.42 eV  
F.J. Himpsel et al, Phys. Rev. B 38 (1988) 6084 

S. Dreiner et al. (Westphal group), Phys. Rev. Lett. 86, 4068 (2001) 

Case study: 

Interface 

structure of 

SiO
x
/SiO

2 

(Westphal et al.) 



Experimental diffraction patterns for SiO2/Si(100) 

Si0 Si1+ Si2+ 

Si3+ Si4+ 

3000 L 

S. Dreiner et 

al. (Westphal 

group), 

Phys. Rev. 

Lett. 86, 

4068 (2001) 



Si4+ 

Ekin=80 eV Ekin=80 eV 

Ekin=80 eV Ekin=80 eV 

simulation results by R-factor analysis, SiO2/Si(100) 

Si4+ Si2+ 
Expt. 

MS calc. 

z

3 
z
2 

z

1 x 

Si4+ 

Si2+ 

z1 

z3 

z2 

z1 

x x 

d 

 

Si O 



J. Osterwalder, R. Fasel, 

et al., PRL 76, 4733 (’96) 



Some  

Comple- 

mentary 

Surface 

Structure 

Probes 



Case study: 

1 ML of FeO 

on Pt(111): 

A combined 

LEED, STM, 

XPD study 

Galloway et al., Surf. Sci. 198, 127 (’93); 

J. Vac. Sci. Tech. A12, 2302 (’94). 

Y.J. Kim et al.,  

Phys. Rev. B 55, R 13448 (’97); 

Surf. Sci. 416, 68 (’98) 

LEED 

STM 



Superlattice or 

Moiré 

structure 

• 

• 
• 

• 
• 

Remaining 

Questions: 

-Is Fe or O on top? 

-Fe-O interlayer spacing? 

-Fe-O orientation? 

 

             or 

1 ML of FeO 

on Pt(111): 

Structural model 

from 

LEED and STM 

Galloway et al., Surf. Sci. 198, 

127 (’93);  J. Vac. Sci. Tech. A12, 

2302 (’94). 



LEED 

STM 

XPD 

Y.J. Kim et al.,  

Phys. Rev. B 55, R 13448 (’97); 

Surf. Sci. 416, 68 (’98) 

[11-2] 



Forward Scattering 

Forward Scattering 

0.65 Å 20° 
• 
• 

• 

• • 

• 



0.65 Å 

X-ray Photoelectron Diffraction: Fe 2p from 1ML FeO on Pt(111) 

Y.J. Kim et al. 

Phys. Rev. B 55, R 13448 (’97) 

Forward Scattering 



Permits selecting favored domain of growth—2
nd

 layer Pt effect 



Core-Level photoelectron diffraction: 

Short-range (cluster) vs long-range (Kikuchi) pictures 

Lower energies 

up to 1 keV 

(e.g. EDAC program) 

Higher energies 

Above  1 keV 



Core-Level photoelectron 

diffraction at higher energies: 

“bulk” Bragg reflection 

Kikuchi bands 

e = 2dhksinhk 

hk = sin-1(e/2dhk) 



C 1s (964eV) from diamond(111) 

Si 2p (1154eV) from Si(111) 

X-ray Photoelectron Diffraction 
from Diamond Lattice (111) Surfaces 

Lattice 
Constants 

3.57Å 

5.43Å 

J. Osterwalder, R. Fasel, A. 

Stuck, P. Aebi, L. Schlapbach, 

JESRP 68, 1 (1994) 

The widths of Kikuchi 

bands scale inversely with 

interplanar spacing: 

 

     e = 2dhksinhk 

hk = sin-1(e/2dhk) 



Kikuchi Cluster 

Core-Level photoelectron diffraction at higher energies: 

Expt. compared to Kikuchi and Cluster theories  

Winkelmann, Fadley, Garcia de Abajo, New Journal of Physics 10 (2008) 113002 



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 



a Theory of Extended X-Ray Absorption Fine Structure 

ALLOWS FOR SHAKEUP & 

SHAKEOFF LOST TO EXAFS 

SCATTERING 



Glitsch = Bragg reflection 

              in crystal 





Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 

 



45 sec/spectrum 

Ynzunza et al., Surface Science 459, 69-92 (2000) 



Ambient Pressure XPS-Bridging the Pressure Gap: 

 State- and Time- Resolved Oxidation of Si at Multi-Torr Pressures 
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Y. Enta et al., PRB 57, 6294 (1998)  
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9 sec/spectrum 



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 

0 200 400 600 800

0

0.5

1

N
o
rm

a
liz

e
d
  

 S
i4

+
  

 I
n
te

n
s
it
y

1x10
-6

 Torr

5x10
-7

 Torr

2x10
-7

 Torr

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

How to go to higher, 

more realistic 

pressures? 



2012 ESRF-Liu 134 

 Very low efficiency 

Smaller x-ray spot & z  Higher Pressure… 

h

gas, e-

H. Siegbahn et al., 1972

h

gas, e-

h

gas, e-

H. Siegbahn et al., 1972

The first endstation at a SR facility (ALS, 

BL9.3.2):  

D.F. Ogletree, H. Bluhm, G. Lebedev, C.S. 

Fadley, Z. Hussain, M. Salmeron, Rev. Sci. 

Instrum. 73 (2002) 3872. 

 

A good review paper: 

M. Salmeron and R. Schlögl, Surf. Sci. Rep. 

63, 169-199 (2008). 

 

 

Detector 

~1000 times 

Challenges for high-pressure photoemission: analyzer pressure 
and short electron mean free fath 

IMFP: N2 @ 500 eV 

                      1 atm   ~  0.003 mm = 3 microns 

                      20 torr ~ 0.1 mm = 100 microns 

                      1 torr   ~ 2 mm 

 

Better lens optics  Higher Pressure… 



Ambient Pressure XPS-Bridging the Pressure Gap: 

 State- and Time- Resolved Oxidation of Si at Multi-Torr Pressures 
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Y. Enta et al., PRB 57, 6294 (1998)  
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P up to

 10 torr

P  10-7 torr

or better

Ogletree et al., Rev. Sci. Inst.

73, 3872 (2002)—SR, ALS

Bluhm, Salmeron, Schlögl—

ALS, BESSY

Enta, Mun et al., Appl. Phys. Lett. 

92, 012110 (2008); J. Appl. Phys. 

103, 044104(2008)
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Energy
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or better

Ogletree et al., Rev. Sci. Inst.

73, 3872 (2002)—SR, ALS

Bluhm, Salmeron, Schlögl—

ALS, BESSY

Enta, Mun et al., Appl. Phys. Lett. 

92, 012110 (2008); J. Appl. Phys. 

103, 044104(2008)

22 sec/spectrum 
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          Slow regime            

Rapid regime 

Watching the oxide grow in real time: constant P, variable T 

Enta, Mun et al., Appl. Phys. Lett. 92, 012110 (2008) 
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At deliquescence 

droplet formation 

1.5 torr H2O 

KBr (001) + H2O 

h = 200 eV 

Br 3d 

K 3p 

Br 3d 

K 3p 

Measuring the concentration profile of ions near an aqueous surface 

S. Ghosal, J.C. Hemminger, et al., Science 307, 5709 (2005)  

More halide near surface—marked change 

Molecular 

dynamics 

simulation 
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Photoelectron kinetic energy 



Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 

 



PHOTOELECTRON 

EMISSION MICROSCOPE = PEEM 

Imaging with soft x-ray microscopes—two types 

+ Energy 

Filter? 

Secondary electrons 

Secondary electrons SCANNING 

TRANSMISSION 

X-RAY 

MICROSCOPE = 

STXM 



Third type: Imaging Zone-Plate X-ray microscope 

 XM-1 @ ALS 

Fischer et al. 

X-ray lens = zone plate 

Outer rings 100 atoms 

apart 



Imaging Iron Magnetic Domains with Circular-Polarized Light 

Magnetic Field 

M
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Fischer et al. 

 

 

h @ the 

iron 2p3/2 

energy 

Resolution = 30-40 nm 

Now 15 nm 



0.5 Å   

20 nm   

secondary + real   



Outline—Here to end of quarter 
 

•Core-level chemical shifts: Koopmans’, relaxation, the potential 

model 

 

•Various other final state effects providing information in core-

level spectra 

 

•Photoelectron diffraction, extended x-ray absorption fine 

structure (EXAFS, XAFS) 

 

•Photoelectron spectroscopy at realistic pressures in the multi-

Torr range 

 

•Photoelectron microscopy: adding lateral spatial resolution in 2 

dimensions 

 

•Valence-band spectra: low-energy UPS limit and high-energy 

XPS limit 

 

 



VALENCE BANDS 

IN SOLIDS: 



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





“The UPS Limit” 



Basic energetics 

kinetic kinet
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Valence-band photoemission: 

Angle-Resolved Photoemission (ARPES) 
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“Direct” or k-conserving transitions 

“The UPS Limit” 



Smearing 
due to 

phonons 

pzz  

kze ½ 

kz  1/(2e) 

For Cu @ Ekin  80 eV, 

e  4 Å, kz  0.12 Å-1 

Compare 2/a = 0.98 Å-1  

/ 2



Expectations 

from simple 

direct-

transition 

theory  

+ symmetry 

considerations 

in matrix 

elements 



Increased 

Phonon 

smearing 



Increased 

Phonon 

smearing 



Cu:  ANGLE-RESOLVED 

PHOTOEMISSION AND 

BAND-MAPPING 

ALONG (001) 



2 

Cu:  ANGLE-RESOLVED 

PHOTOEMISSION AND 

BAND-MAPPING 

ALONG (110) 

P.Thiry, Ph.D. 

thesis, Univ. 

of Paris (1980) 



Hathaway et al., Phys. Rev. B 31, 7603 (’85) 

E
exch

 

V0,Fe 

 =12.4 eV 

- 8.6 eV 

Vacuum level 

Fe = 4.3 eV 



Fe:  ANGLE AND  

SPIN-RESOLVED 

SPECTRA AT  POINT 



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! 



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 



SURFACE ELECTRONIC STATES 



“The UPS Limit” 
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The electronic structure of a transition metal—fcc Cu 

Experimental 

points from  

angle-resolved 

photoelectron 

spectroscopy 
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Surface states 
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kh  @ 

1,253 eV 

Valence-Band Photoemission at High Energy-- 

What & Where is the “XPS Limit”?: 

Hussain et al., Phys. 

Rev. B 22, 3750 (‘80) 

What all happens when you go to higher  

photon energies? 

• non-dipole effectthe photon momentum 

• angular acceptanceB.Z. averaging 

• lattice recoil, phonon creationmore 

  B.Z. averaging, energy loss 

….the XPS limit of full B.Z. averaging and 

    D.O.S. sensitivity 



Valence-band photoemission—at higher energy 
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Angular acceptance 

Hussain et al., Phys. Rev. B 34 (1986) 5226.  

Zone averaging: 

XPS (DOS) limit 



Angle-Resolved Photoemission at High Energy-- 

How high can we go?: 

core-like photoelectron diffraction Alvarez et al., PRB 54, 14703 (1996) 

-4e kin
recoil kin

m E (eV)
E (eV ) E 5.5 x 10

M M(amu)

  
    

   

Takata et al., 

Phys. Rev. B 75, 

233404 (2007) 

Additional effects at higher energies: 

• Non-dipole--the photon momentum kh 

• Angular acceptanceB.Z. averaging 

• Lattice recoilphonon creationmore B.Z. averaging,  

          Fraction DTs  Debye-Waller factor = W(T)  exp[- (kf)2 <u2(T)>] 

                                                                exp[-C1 (k
f)2T/(mD

2)]  exp(-C2EkinT)  

    the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity 

 

 

  Recoil leads to peak shifts and broadening:  

h = 1254 eV 

f

i h nk k k g  

a = 3.16, 2/a = 1.99 Å-1  

kf = 9.15 (2/a) = 18.19  

For ks
 = 0.05 Å-1  0.157 

kh = 0.32(2/a) =  0.64Å-1 

(a) 

n 

Shevchik, Phys. Rev. 

B 16, 3428 (1977) 

Hussain et al.….CF, 

Phys. Rev. B 22 3750 

(1980) Phys. Rev. B 34, 

5226 (1986)  





Silicon--Debye-Waller Factors 

Plucinski, et al. PRB 78, 035108 (2008); 

 Phys. Rev. B 84, 045433 (2011)   

ARPES 

limit 

DOS/XPS 

limit 

M = 28.086, D = 645 K 

Al K 

1487 eV 



Some classic 

cases 

in the XPS 

limit: 

“Basic Concepts of XPS” 

Figure 14 



Siegbahn, 2003 

Densities of states 

From XPS spectra 

Broadened 

Theo. DOS 

XPS 

XPS 

Broadened 
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“Basic Concepts of XPS” 

Figure 13 
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Direct-transition 

effects in XPS: 

W(110) at 1253.6 eV 

Hussain et al., 

Phys. Rev. 22, 

3750 (1980) 

Present if 

vibrations stiff 

enough (Debye 

T high enough), 

but suppressed 

as temperature is 

raised. 



Symmetry-related 

spectra shifted by 

6.0 for best match. 

Theoretical 4.8 

due to kh 

Effect of photon 

momentum 

on k conservation: 

W(110) at 1253.6 eV 

Hussain et al., 

Phys. Rev. 22, 

3750 (1980) 



Tungsten--Debye-Waller Factors  

and Recoil Energies 

D
ebye-W

aller Factor =

D
ebye-W

aller Factor =

More th
an 

50% band 

sensitiv
eMore th

an 

50% band 

sensitiv
e

W

D
ebye-W

aller Factor =

D
ebye-W

aller Factor =

More th
an 

50% band 

sensitiv
eMore th

an 

50% band 

sensitiv
eMore th

an 

50% band 

sensitiv
eMore th

an 

50% band 

sensitiv
e

W

Plucinski, et al. PRB 78, 035108 (2008); 

 Phys. Rev. B 84, 045433 (2011)   

M = 183.85, D = 400K 

0           3           6           9          12         15         18          21 
max

recoilE (meV)

ARPES 

limit 

DOS/XPS 

limit 

870 



e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

XPS=DOS limit 

Mixed: XPS-ARPES limit 

for DOS and XPD

(Minar, Braun, Ebert)



e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

e

c

T = 30 K (Corrected)

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

Free-electron theory

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

700600500400300

b

T = 30 K (Raw data), W = 0.45, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

+6

-5

 N

P
H

H

f

(Ef) 0

2

4

6

8

10

5948

5946

5944

5942

5940

5938

5936

600500400300

a

T = 300 K (Raw data), W = 0.09, hv = 5956 eV

B
in

d
in

g 
En

e
rg

y 
(e

V
)

D
O

S

XPD

One-Step Theory
250

200

150

100

50

290280270260250240

x10
-12

 

d

Detector Angle ( )

(Ef) 0

2

4

6

8

10

B
in

d
in

g 
En

e
rg

y 
(e

V
)

-4 -2 0 2 4 6

One-Step Theory

1

2

3

4

1’

2’ 3’

4’

- kh=4.35 




N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2

- kh=4.35 


N

N

4.21 

kf- kh
g = 14.00 (√2 (2/a))

[100]

[110]

[010] kf

2f

[110]

[110]

[110]

[110]

XPS=DOS limit 

Mixed: XPS-ARPES limit 

for DOS and XPD

(Minar, Braun, Ebert)

 N  

(i) 

(ii) 

(iii) 
Hard x-ray ARPES for W(110): 

5.96 keV 

Gray, Minar et al., Spring-8, Nature Materials 10, 759 (2011)  
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HARPES-How 

high can we go? 

Photoemission 

Debye-Waller 

Factors and 

Recoil Energies 

C. Papp. L. Plucinski, et al., 

Phys. Rev. B 84, 045433 (2011)  
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