
Reading and Problem Assignments for Physics 243A
Surface Physics of Materials: Spectroscopy, Fall, 2014 

READING: 
  WOODRUFF AND DELCHAR, "MODERN TECHNIQUES OF SURFACE SCIENCE", 2ND 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 
Chapter 10: pp. 244-249 on bond lengths, no ion scattering 

  IBACH, “PHYSICS OF SURFACES AND INTERFACES”, DOWNLOADABLE BOOK (SEE COURSE WEBSITE)— 
             Chapter 2: 2.1, 2.2 
  DESJONQUERES AND SPANJAARD, “CONCEPTS OF SURFACE PHYSICS”, EXCERPTS DOWNLOADABLE FROM  
             COURSE WEBSITE:  
              On equilibrium shapes of surfaces, thermodynamics, kinetics and adsorption isotherms, and on STM current calculation.  No need to follow 

every step, but this fills in the line of arguments in Zangwill and lecture 
  FADLEY, “BASIC CONCEPTS OF XPS”,  HANDED OUT, BUT ALSO DOWNLOADEABLE— 
              Sections I, II, and III, with remaining sections by the end of the course  
 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: 

1) Molecular orbital basics 
2) Tight-binding basics 
3) Dejonqueres and Spanjaard handout-Photoelectron Diffraction Theory/Debye-Waller Factors 
4) Core-Hole Multiplets with Charge Transfer--Basic Theory 
5) Brief Manual for SESSA spectral simulation program 
6) Brief Manual for CTM4XAS20 charge-transfer multiplet simulation program 
[7) Optional only for physics students: Basic theory for the Hubbard Model of bonding] 
 

PROBLEM SET 3-FINAL: Not all problems assigned 
Problems 3.3, 3.4, 4.1, 4.2, 4.4, 4.5, 5.1, 5.2, 5.3, 5.4, 5.7, 5.8, 5.9(a),(b) only, 5.10, DUE FRIDAY, 12 DECEMBER 
 

REMAINING LECTURE SCHEDULE: 
NO LECTURES:  2 DECEMBER AND 9 DECEMBER 
12:10 MAKEUP + 2:10 REGULAR LECTURES:  25 NOVEMBER, 4 DECEMBER, AND 11 DECEMBER 
   

TOUR OF LBNL: SATURDAY, 13 DECEMBER 
 
FINAL EXAMINATION: TUESDAY, 16 DECEMBER, 10:30 AM-12:30 PM, PHYSICS 285 (unless moved by unanimous consent) 
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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
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“Basic Concepts of XPS”
Figure 18



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

ZCrAC

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
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CORE-LEVEL MULTIPLET 
SPLITTINGS IN Mn 

COMPOUNDS

“Basic Concepts of XPS”
Figure 31



ORIGIN OF MULTIPLET SPLITTINGS IN Mn2+:

“ONE-ELECTRON” THEORY
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“Basic Concepts of XPS”
Figure 30



Correlation
CI effects:

anti-parallel
electrons

“Basic Concepts of XPS”
Figure 33

CI = 
configuration 
interaction
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“Basic Concepts of XPS”
Figure 30



ORIGIN OF MULTIPLET SPLITTINGS IN Mn2+:
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“Basic Concepts of XPS”
Figure 30
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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

(3s13p63d5  6S)
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 O2

NO O2



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 
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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



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
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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 EF:      



 = many-body 
“self energy”

= Re + iIm

= E
E x lifetime  / 2In valence-band studies:   Incoherent peak(s)         Coherent

peak(s)
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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
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MARPE theory

Experiment  XAS

RPE theoryExperiment
(via Kramers-Kronig)

L3 = 2p3/2

L2 = 2p1/2

Optical constants of MnO

(a)

(b)



The Hubbard model-mixing a localized on-site 
picture and a delocalized band picture

+243A download at website



0.0



 Jcd = coulomb integral

Good discussion of model:
Bocquet & Fujimori, J. Elect.
Spect. & Rel. Phen. 82, 87 
(1996)

By now:
CTM4XAS program
for calculating this
for some cases:
http://www.anorg.chem.uu.nl/
CTM4XAS/

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

Upd 
Ucd =

Udd =  Jdd



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
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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

-



MORE IONIC

MORE COVALENT

Park et al.
Phys. Rev. B
37, 10867 (1988)

Core 
hole-d 
attraction
Upd =
Ucd =



MnO

Udd 

Upd 

XPS satellites-MnO

Sat.  Main



-1.99/3 = -1.1 6.0From later paper  (see next slides)  6.5 U/Q = 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
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SAME SUBSHELL COUPLING +
TOTAL L,S”MONOPOLE”

(N-1)e- SHAKE-UP/
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”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)
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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



VALENCE BANDS
IN SOLIDS:



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





“The UPS Limit”



Basic energetics

kinetic kinet
Vacuum Fermi
binding binding spectrometer

Vacuum
binding final initial
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bindingE (Qn j ,K )
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N electrons

N-1
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Inelastic scattering:
exp(-L/e)
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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)

Eexch

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

dz2dx2-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”

Vary  to scan 



,|| ,||f fK k




The electronic structure of a transition metal—fcc Cu

Experimental
points from 
angle-resolved
photoelectron
spectroscopy

Cu = 4.4 eV

V0,Cu
=13.0eV

- 8.6 eV

Vacuum level

Gap along -L
<111> direction

Gap along -L
<111> direction



Shockley
surface

state

Tamm
surface

state

Surface states
on Cu(111)

Zangwill,
Surface Physics,

Gap

Gap



Zangwill,
Surface Physics,



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 (kf)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
Theo. DOS

“Basic Concepts of XPS”
Figure 13



Tungsten--Debye-Waller Factors 
and Recoil Energies

Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011) 

M = 183.85, D = 400K
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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

Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011) 

M = 183.85, D = 400K
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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) 



Hard x-ray ARPES for GaAs(001):
3.2 keV

1

[001]

[010]

[0-10]

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

h = 3238 eV
SPring-8



Hard x-ray ARPES--GaAs and DMS Ga0.97Mn0.03As
Comparing Experiment and One-Step KKR Theory

Gray, Minar, Dubon (sample) et al., TBP
 kx  kx



GaAs Band Structure
Atomic-Orbital Character and Charge Density Contours

Ylvisaker and Pickett
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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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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


