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Total no. of students: 23

Physics? 15

Chemistry? 3

Other?: 5

Used photoelectron spectroscopy before?
Laboratory XPS? 6
Synchrotron radiation XPS? 5
Laboratory low-energy ARPES? 1
Synchrotron radiation ARPES? 1

Done other synchrotron radiation experiments?
X-ray absorption, XMCD? 5
EXAFS?3
Other? 1

LNLS: 6
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Some key references:

"Basic Concepts of X-ray Photoelectron Spectroscopy", C. S. Fadley, invited chapter 
for Electron Spectroscopy:  Theory, Techniques, and Applications, C. R. Brundle and A. 
D. Baker, Eds. (Academic Press, London, 1978) Vol. II, Chap. 1, 145 pp., 53 figs, 
available at: 
http://www.physics.ucdavis.edu/Classes/Physics243A/BasicConceptsofXPS.Fadley.pdf

"X-ray Photoelectron Spectroscopy : Progress and Perspectives", C.S. Fadley, invited 
review, Journal of Electron Spectroscopy and Related Phenomena 178–179, 2 (2010), 
30 pp., 35 figs., available at:
http://www.physics.ucdavis.edu/Classes/Physics243A/XPS.Present&Future.JESRP.Fad
ley.pdf

And others downloadable from two websites:

http://www.physics.ucdavis.edu/fadleygroup/ Lecture slides from this course will be 
posted there 

http://www.physics.ucdavis.edu/Classes/Physics243A/ A ten-week course of 20 
lectures, with slides and videos posted 



Introduction
X-Ray Properties of Elements
Electron Binding Energies
X-Ray Energy Emission Energies
Fluorescence Yields for K and L Shells 
Principal Auger Electron Energies
Subshell Photoionization Cross-Sections
Mass Absorption Coefficients
Atomic Scattering Factors
Energy Levels of Few Electron Ions
Periodic Table of X-Ray Properties
Synchrotron Radiation

Characteristics of Synchrotron Radiation
History of X-rays and Synchrotron Radiation
Synchrotron Facilities
Scattering Processes

Scattering of X-rays from Electrons and Atoms
Low-Energy Electron Ranges in Matter
Optics and Detectors

Crystal and Multilayer Elements
Specular Reflectivities for Grazing-Incidence 

Mirrors
Gratings and Monochromators
Zone Plates
X-Ray Detectors
Miscellaneous

Physical Constants
Physical Properties of the Elements
Electromagnetic Relations
Radioactivity and Radiation Protection
Useful Formulas

X-RAY DATA BOOKLET
Center for X-ray Optics and Advanced Light Source

Lawrence Berkeley National Laboratory
http://xdb.lbl.gov/



Basic Concepts: 
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressuresmulti-TorrAtmosphere?

Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Exchange interaction.
Hund’s First Rule: 
highest total spin  

angular momentum





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”
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Koopmans’ Theorem:
- One-electron energies

(eigenvalues) =
- i  EBinding or 

(35a)
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(46)
CSF--Basic Concepts of XPS

space: like 1s, 2s,…
spin: () or ()
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Note—Kij 
Jij in solid state



WITH C1 AND C2 TABULATED CLEBSCH-GORDAN
OR WIGNER 3j SYMBOLS

Spin-orbit: Final important relativistic interaction





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



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

Valence levels

Valence levels
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X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
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Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
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The ultraviolet, soft x-ray, hard x-ray measurements:

h


 

  




e-, free

h
PHOTOELECTRON SPECTROSCOPY=
PHOTOEMISSION – PS, PES, UPS, XPS

+ DIFFRACTION-XPD, PhD
+ HOLOGRAPHY-PH
+ MICROSCOPY-PEEM

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








The Photoelectric Effect, Einstein, 1905
Light can behave like a Particle!



h = Einitial – Efinal = Ebinding+ Ekinetic

Ekinetic , direction, spin



“I would like to tell 
you how pleased I 
am that you have 
given up your 
light-quantum 
theory”

von Laue to Einstein, 1907 letter

But not everybody liked this idea to start with!



“In sum, one can say there is hardly one among the 
great problems in which modern physics is so rich to 
which Einstein has not made a remarkable contribution.
That he may sometimes have missed the target in his 
speculations, as, for example, in his hypothesis of light 
quanta, cannot really be held too much against him, for 
it is not possible to introduce really new ideas even in 
the most exact sciences without sometimes taking a 
risk.”

In his 1913 letter 
nominating Einstein for the 
membership of Prussian 
Academy of Science, Max 
Planck et al. wrote:

…and even Planck



Basic energetics—Many e- picture

kinetic kinet
Vacuum Fermi
binding binding spectrometer
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binding final initial
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The vacuum ultraviolet, soft x-ray, hard x-ray measurements:


 

  


h
X-RAY ABSORPTION SPECTROSCOPY- XAS
*NEAR-EDGE – NEXAFS, XANES
#EXTENDED- EXAFS, XAFS
+ X-RAY MAGNETIC CIRCULAR/LINEAR

DICHROISM- XMCD, XMLD
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X-RAY EMISSION (FLUORESCENCE) 
SPECTROSCOPY

The spectroscopies:

e-
3, free 

= Auger

or + AUGER ELECRON SPECTROSCOPY
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e-, free

h
PHOTOELECTRON SPECTROSCOPY=
PHOTOEMISSION – PS, PES, UPS, XPS

+ DIFFRACTION-XPD, PhD
+ HOLOGRAPHY-PH
+ MICROSCOPY-PEEM



The ultraviolet, soft x-ray, hard x-ray measurements:
Plus diffraction and scattering:
From crystals:

nx = 2dhksin
hk

n

From multilayers:

x

nx = 2(dA+dB)sin
 2dMLsin

dML

Indicent
beam

Reflected beams

Standing wave

dML

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



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



hv

i(bound)

f(free)
Vacuum

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT
 Photoelectron spectroscopy/photoemission:

2ˆ (1) (1)f iI e r  






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



hv

i(bound)

f(free)
Vacuum

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT
 Photoelectron spectroscopy/photoemission:

2ˆ (1) (1)f iI e r  


 Near-edge x-ray absorption:
2ˆ (1) (1)f iI e r  



i(bound)

f(bound)
Vacuum

hv







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



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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PS
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

C[ A 2 B ] ︵m ︶

3C[ A B ] m
2
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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
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1/ 3 1 100
1/ 3 1

2 / 3 100 50%
4 / 3
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+ RCP
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Photoelectron spin polarization from spin-orbit coupling and 
circularly-polarized radiation—The Fano Effect

h
m=-1



Fano effect and spin polarization (SP) 
in core photoelectron spectra—expt.

Pz

Spin detector

h

Pz



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

M


H


+-

Empty
Filled

MCD  ILCP - IRCP

Magnetic Circular Dichroism in X-Ray Absorption 
(XMCD) 

J. Stohr, 



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



hv

i(bound)

f(free)
Vacuum

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT
 Photoelectron spectroscopy/photoemission:

2ˆ (1) (1)f iI e r  


 Near-edge x-ray absorption:
2ˆ (1) (1)f iI e r  



i(bound)

f(bound)
Vacuum

hv

 Auger  electron emission:
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fDirect Exchange

all bound



“Basic Concepts of XPS”
Figure 1

CLEAN ALUMINUM

Bandgap of 
Al2O3

Plasmons:
Eplasmon = p =
(nvalencee2/me0)1/2

Al
Al2O3

O 1s
Al 2s, 2p



Or more accurately:
K.E.  B.E.5Z - B.E.3Z+1- B.E.1Z

 B.E.5Z - B.E.3Z - B.E.1Z+1

 (average of two above)

-Ebinding 
 positive

+ 

The equivalent core or Z+1 
approximation

+Ebinding 
 negative

+



Plus see pp. 92-93 in
“Basic Concepts of XPS”

The equivalent core or Z+1 approximation

O: Z = 8
O core = O 1s2 = O6+

Assume:
O6+* core with 
1s hole = O7+ =

= F7+ core
F: Z = 9



+8e

1s2=-2e

•

•

+8e

1s1=-1e

•
• +9e

1s2=-2e

•
•

•

•



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



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



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’



Or more accurately:
h’ = B.E.5 - B.E.3 or core

 negative

 positive

+

+ 



=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:

N6N4N2

M4M2

∆j=0,±1



Electron binding energies

Diff. = 11.2

Diff. = 11.4

See Tables 1.1 
and 1.2 in X-Ray
Data Booklet





hv

i(bound)

f(free)
Vacuum

MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:  DIPOLE LIMIT
 Photoelectron spectroscopy/photoemission:

2ˆ (1) (1)f iI e r  


i(bound)

f(bound)

Vacuum

h’

 Auger  electron emission:
2 22

1 1 3 2
12

3 2
12

(1) (2) (1) (2) (1) (2) (1) (2)ff
e eI

rr
      

1

2

3

Vacuum

 X-ray emission: 2ˆ (1) (1)f iI e r  




f(free)Direct Exchange

all bound

 Near-edge x-ray absorption:
2ˆ (1) (1)f iI e r  



i(bound)

f(bound)
Vacuum

hv







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



2p3/2
2p1/2

2s1/2

1s
1 (

2s
2p

)6

1s
1 (

2s
2p

)5

1s
1 (

2s
2p

)4

1s
1 (

2s
2p

)3

3s1/2

3p1/2,3/2K

1s1/2

1s
1 (

2s
2p

)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



The Soft and Hard X-Ray Spectroscopies

Core

VB
EF
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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’



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

hv

i(bound)

f(free)
Vacuum

2ˆ (1) (1)f iI e r  




 Non-resonant photoemission:





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!



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)

Ph
ot

o-
e-





Mannella et al., Phys. Rev. B.  74, 165106 (2006)

Index of refraction over 
Ni 2p resonances in NiO







hv
hv’=
hv- Em(N)

i(N)
f(N)

E

 Resonant inelastic x-ray scattering:

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

S
XE

S

Butorin et al., Phys. Rev.
B 54, 4405 (’96)



Excitations probed by RIXS

Aments et al., Rev. Mod. Phys. 83, 705 (2011)

Example: CuB2O4 plaquets

Hancock et al., Phys. Rev. B 80, 
092509 (2009)



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 surfaceDeeper

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



LBNL Center for X-Ray Optics
“X-Ray Data Booklet”

Section 3.1
http://cxro.lbl.gov/x-ray-data-

booklet

The five ways in
which x-rays
interact with
matter:



Online data and calculations excluding resonant 
behavior at:

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

A LITTLE X-RAY OPTICS

= h

(Sometimes changes sign through absorption resonances)

= e2/40mee2 = 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

(See next page)



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)

=1/h

^

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

x

x

h

(h)2

h



Mannella et al., Phys. Rev. B.  74, 165106 (2006)

Index of refraction over 
Ni 2p resonances in NiO







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_consta
nts/atten2.html

Regardless of energy, 
in total reflection the 
mean depth of x-ray 
penetration shrinks to 
nm range



The ultraviolet, soft x-ray, hard x-ray measurements:
Plus diffraction and scattering:
From crystals:

nx = 2dhksin
hk

n

From multilayers:
x

nx = 2(dA+dB)sin
 2dMLsin

dML

Incident 
beam

Reflected beams

Standing wave

dML

Use atomic scattering 
factors fi

Use complex index of 
refraction n = 1 -  - i

Fresnel Equations

DML

Plus Kiessig
fringes:

px = 2mdMLsin
 2DMLsin
p = 1, 2,…

unknown no.
m



Lawrence Berkeley National Laboratory | MSD Materials Sciences Division 

Reflected 

SW (|E2|) =
x/2sininc

R1

% modulation 
100 x 4R

XMCD—Kim, Kortright,
PRL 86, 1347 (2001)

Incident

he-

3. Phase scan with wedge-shaped sample (“Swedge” method)

SWI(hν ) 1 R(hν ) 2 R(hν ) f cos[φ(hν ) 2π(∆z / λ )]   

inc inc inc inc SWI(θ ) 1 R(θ ) 2 R(θ ) f cos[φ(θ ) 2π(∆z / λ )]   
1. Rocking curve:

2. Photon energy scan:

with: f = coherent fraction of atoms,              = phase of coherent-atom position

Three ways to scan a standing wave:

Multilayer Mirror

Three ways to scan a standing wave formed in reflection from 
single-crystal Bragg planes, or a multilayer mirror*

x =
2dMLsininc

SW (|E2|) =
dML

dML

Z

SW∆z / λ

+Standing waves via Bragg reflection of hard x-rays: Batterman, Phys. Rev A 133, 759 (1964)

*In x-ray magnetic circular dichroism (XMCD)—Kim, Kortright, PRL 86, 1347(2001)



Standing Wave Behavior During a Rocking Curve
or Photon-Energy Scan

Reflectivity- R
Relative phase- /

+Same general forms if photon 
energy is scanned 

Bragg angle

Woodruff and Delchar, Modern 
Techniques of Surface Science 
(Cambridge, 1994) pages 97-104



Form of rocking curve is unique to position of emitter
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 Al 2p (ML)
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 Mg 1s
 Fe 2p
 Co 2p
 Al 2p
 O 1s

2

Bragg

O 1s
Al 2p

Co 2p
Fe 2p

Mg 1s
Ga 2s

Al 2p ML

Kiessig

Co 40 Å

GaAs 22.6 Å

GaAs substrate

AlAs 22.3 Å

AlAs 22.3 Å
GaAs 22.6 Å

GaAs 40 Å

dML = 44.9 Å

Al  10 Å‐‐Cap

MgF2 200 Å

FeF2 wedge, at 100 Å thickness

O‐surface contaminant

60×

Co 40 Å

GaAs 22.6 Å

GaAs substrate

AlAs 22.3 Å

AlAs 22.3 Å
GaAs 22.6 Å

GaAs 40 Å

dML = 44.9 Å

Al  10 Å‐‐Cap

MgF2 200 Å

FeF2 wedge, at 100 Å thickness

O‐surface contaminant

60×

DML= 
2734 Å

D = 
340 Å

Kiessig

Bragg

1

SW SW SW

h = 5.9 keV

O 1s

Al 2p
Co 2p

Fe 2p
Mg 1s

Ga 2s
Al 2p ML

X-ray optical effects in hard x-ray reflectivity from a multilayer structure

(cap)

Yang et al., J. Appl. Phys. 113, 073513 (2013)

Kiessig:
2734 Å
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XFHStanding   SW = X/(2sin X
I)

Wave: LP, RCP, LCP, Unpol.

h
SW

XES, RIXS
XFH-1, RXFH

h’
<h

REXS/RIXS, XRD, XAS, 
NEXAFS/XANES,

EXAFS, XRO

PS, PD, PH
CD, MCD, SP,

RPSe-

X
RX

I e

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

fe

fX

X
T<X

I

X-ray Emission Spectroscopy (XES),
Resonant Inelastic X-ray Scattering (RIXS)
Resonant Elastic/Inelastic X-ray Scattering 
(REXS/RIXS)
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 Absorptio
Fine Structure (EXAFS)
X-ray Fluorescence Holography (XFH, XFH-1), 
Resonant XFH (RXFH)

fX

fe

Multi-atom resonant
photoemission (MARPE)
Photoelectron
Spectroscopy (PS, PES),
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



Basic Concepts: 
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressuresmulti-TorrAtmosphere?

Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



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”



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

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

∆j=0,±1



X-Ray energies
from the “X-Ray
Data Booklet”

Popular laboratory sources
for common soft x-ray photoelectron spectroscopy



X-Ray energies
from the “X-Ray
Data Booklet”

Popular laboratory 
sources
for hard x-ray 
photoelectron 
spectroscopy
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Inside a synchrotron 
radiation source

D
D/ as 
seen by 
electrons

0=c/D

+Doppler
=2c/D

Electron
speed near c: 
0.99999994 c, 
= 3719
Einstein 
needed again—
Special 
Relativity

Radiofrequency
Cavity



The generation of x‐rays:
An x‐ray tube:

Synchrotron radiation: e.g. the 
Berkeley Advanced Light Source

Accelerated, thus radiating,
electrons at v near c

v = 0.9 cv << c
Dipole

Inner‐shell
atomic
transitions

Sample

N

S



Intensity    1                        n                         n2

1                        n                         n

Intensity    1                        n                         n2

1                        n                         n

Synchrotron
Radiation
Sources: e-

vc

30 psec long

N N2

N N



2

2

1γ
v1
c





0 u

0

eB λK
2πm c



x

0

λ  as observed will 
increased if the 
magnetic field B  
is increased
or if viewed away 
from the axis by
an angle θ



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]



Typical
surface/materials

science expts.



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

10-
100 
spot 



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

HAXPES endstation
Solid-State, Gas-
Phase, Liquid Jet

30x80 µm² beam spotRIXS 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, D. Ceolin, M. Simon, J. Rault

10x10 µm² beam spot

Hard x‐ray 
photoemission 
(HXPS/HAXPES)

RIXS



Synchrotron radiation sources of the world- about 41 and growing
Free-electron laser (VUV, X-ray)- about 5 and growing

 Operating
 Under 

construction
 Free 

electron 
lasers








 Sirius-Campinas





Advanced
Light Source

San Francisco

Group offices
& lab.

UC Berkeley

Marin County





SIRIUS

ENFMC 2014 90

 3 GeV
 13 beam lines in phase 1
 280 pm electrons emittance
 Open to users in 20182019?

Courtesy of Julio Cesar, LNLS



SIRIUS: initial beam lines

ENFMC 2014 91Courtesy of Julio Cesar, LNLS
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Energy (eV)

PGM

UV soft tender

Low energy synchrotron radiation at UVX

4 beamlines covering from 3 eV to 6 KeV

Spectroscopy
 XANES
 XMCD
 ARPES
 XPS
 XPD
 PEPICO
Scattering
 (M)RXRR
 RSAXS

Imaging

 PEEM

TGM

Courtesy of Tulio Rocha, LNLS



Soft X‐ray Beamlines at Sirius

 EPU with 50mm period

 VLS PGM monochromator

SABIÁ
(Soft Xray Absorption spectroscoy and Imaging)

IPÊ
(Inelastic and Photoelectron Spectroscopy)

 Multi‐branches

 KB focusing 

UHV condensed matter research Environmental conditions

 In situ sample preparation
 Magnetism
 Multiferroic materials
 Superconductivity
 Topological insulators
 Surface science

 In situ measurements
 Catalysis
 Corrosion
 Hydrated surfaces
 Solvated molecules
 Correlated materials

ARPES, PEEM, XMCD/XMLD Ambient Pressure XPS (AP‐XPS), RIXS

Courtesy of Tulio Rocha, LNLS



p0 p1st> p2nd>

gas inlet

IR laser
sample

gas outlet

gas
analytics

GC
MS, PTRMS

X-rays

electrons
differential
pumping

Electrostatic lenses

mbar

-
OH-
OH-
OH

e-

APXPS endstation

mbar

Solid‐gas Liquid‐gas

e-

Solid‐liquid

Probing interfaces

Commercial Spectrometer 10 mbar
(Scienta or SPECS) Interchangeable

Chambers 

Spot size  < 10 m

E/E ~ 5000

Requirements:

Courtesy of Tulio Rocha, LNLS



RIXS endstation

 Spherical VLS 

 Electron Multiplying CCD

 Variable 4‐6 m arm

dedicated cells
For gases and liquids

Operation modes:

 High resolution ~ 50000
 High transmission

Spot size  < 1 m

E/E ~ 60000 @  500eV

Requirements:

Courtesy of Tulio Rocha, LNLS



The Next Generation: The Free-Electron Laser



PRESENT
&

Average brightness



Peak brightness

“X-Ray Data 
Booklet”
Fig. 2.10



An operational vuv/x-ray free-electron laser

Plus:  FLASH (Hamburg)
Fermi (Trieste)
SACLA (Japan)

XFEL-soon (Hamburg) 
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Ultrahigh
Vacuum

Typical experimental geometry for
energy- and angle-resolved photoemission measurements

Core-level I(,)

Photoe- diff./holog.

Space &
Time resolution
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Up to 10-20 keV
Down to 5 eV (Lasers, UV lamps)
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 Binding Energy (eV)
Surf. Sci. 478, 193 (’01)

Ferromagnet



X-ray photoemission: some key elements

B
inding

Energy
B

inding
Energy

Emission angle xk


ARPES

W(110)

No. e-K
inetic

Energy

Three
angles

Core-levels I(,)

Photoe- diffraction

NiO(001)

XPD

Angle-resolved XPS (ARXPS)
Up to 5-10 keVdeeper

H

H

XPD

Valence-levels

D
O

S

B
inding

Energy
B

inding
Energy

GaAs(100)

Emission angle

From UHV to multi-Torr
The Real World!

H



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)



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

Sample prep.
chamber: LEED,
Knudsen cells, QCM, 
electromagnet,...

Diff.
seal

Multi-Technique
Spectrometer/
Diffractometer
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energy- and angle-resolved photoemission measurements

+
-

B
in

di
ng

En
er

gy



“Basic Concepts of XPS”
Figure 1

Auger kinetic energies do 
not change with photon 
energy

Photoelectron kinetic 
energies shift linearly with 
photon energy
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Basic Concepts: 
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressuresmulti-TorrAtmosphere?

Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Basic energetics

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

V0

Inelastic scattering:
exp(-L/e)

EF
spectrometer

= EF
s

s



109

(EAL)

C.S.F., Journal of Electron Spectroscopy and Related Phenomena 178–179 (2010) 2–32



110

(EAL)

C.S.F., Journal of Electron Spectroscopy and Related Phenomena 178–179 (2010) 2–32

Normal 
x-ray 
tube
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

V0


scatf(θ )

Photoelectron diffraction

+ elastic scattering: f(scatt)
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hν ˆI (x,y,z,ε )
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

V0
scatf(θ )

Photoelectron diffraction

+ elastic scattering: f(scatt)

e- space charge:
Hellman et al. 
(FLASH), Phys. Rev. 
B 85, 075109 (2012); 
Oloff et al. (SACLA), 
New J. Phys. 16, 
123045 (2014); 
J.Sync.Rad.Res. 21, 
183 (2014): Turn
down the light!

_
_ _

_
_ _

_

+ + + + +
Charging
Conducting
samples

ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE “FOUR-STEP” MODEL

Non-dipole effects and resonant interchannel



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d/d)

<< Ekin





FOR A GIVEN nilimimsi: SUM OVER DEGENERATE INITIAL 
STATES mimsi AND AVERAGE OVER FINAL STATES
Ef lfmfmsf ACCESSED FROM EACH mi TO YIELD 
DIFFERENTIAL SUBSHELL PHOTOELECTRIC CROSS 
SECTION :

 PROBABILITY PER UNIT SOLID ANGLE OF EXCITING 
ONE ELECTRON FROM SUBSHELL nili INTO THE 
DIRECTION kf

/
i ind d nis--

mi:    0    0
msi :  +1/2 –1/2

Ef p--
mf : +1    0   –1   +1   0  -1

msf : +1/2 +1/2 +1/2 –1/2 –1/2 –1/2

spin 
up

spin
down

PLUS SPIN:
()= msi = +½ = 
()= msi =  -½ = 

()
()

()
()

ms = 
msf - msi = 
0 !





PHOTOELECTRIC  CROSS SECTIONS FOR Mn

K1s   L12s L2 2p1/2 L3 2p3/2 M1 3s M2 3p1/2  M3 3p3/2 M4-5 3d N1 4s
25 Mn  6539  769.1 649.9   638.7 82.3 47.2      47.2 5 5

Binding energies in eV:

http://ulisse.elettra.trieste.it/services/elements/WebElements.html

Cooper minimum
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The differential 
photoelectric cross 
section—dipole limit



e‐

kh

ke


 

x
y

z

Differential photoelectric cross sections for filled n subshells, incl. non‐dipole

*Guilleumin et al., Radiation Physics and Chemistry 75, 2258 (2006)
And for individual d2p(x,y,z)/d or d3d(xy,yz,xz,z2,x2-y2)/d?&

&Goldberg, Fadley, Kono, J. Electr. Spectr. 21, 285-363 (1985) 
# Gelius, in Electron Spectroscopy, D.A. Shirley, Ed. (North Holland, 1971) p. 311;

Solterbeck et al., Phys. Rev. Lett. 79, 4681 (1997)

*

Dipole dn/d calculated from R-1, R+1, -1, and +1



#At higher 
energies, 
valence cross 
sections are 
dominated by 
atomic‐like 
part near the 
nucleus

Nemšák et al.



Energy dependence of 
orbital‐specific
differential cross 

sections

Energy and 
polarization 

dependence of 
orbital‐specific
differential cross 

sections: Cu 3dx2‐y2 @ 
800 and 5000 eV

Nemšák et al., TBP; based on 
equations in  Goldberg, Fadley, 
Kono, J. Electr. Spectr. 21, 285-
363 (1985); CSF and S. 
Nemšák, J. Electron Spect. 195, 
409–422 (2014)

Cu 3dx2-y2



2z
Cu 3d

Energy and polarization 
dependence of orbital‐

specific
differential cross 

sections: Cu 3dz2@ 800 
and 5000 eV



zO 2p

Energy and polarization 
dependence of orbital‐

specific
differential cross 

sections: O 2pz @ 800 
and 5000 eV
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

V0


scatf(θ )

Photoelectron diffraction

+ elastic scattering: f(scatt)



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d/d)

2. Transport to the
surface: inelastic
scattering (e)
and elastic
scattering (f()--later)

<< Ekin





100

101

102

103

101 102 103 104

41 Elemental Solids

In
el

as
tic

 M
ea

n 
Fr

ee
 P

at
h 

(Å
)

Electron Energy (eV)

K
Cs
Na
Li E0.78

Typical XPS
Typical valence ARPES

HAXPES, HXPS

Tanuma, Powell, Penn, Surf. and Interf. Anal. 43, 689 (2011)

“Bulklike”,
Buried layers &

interfaces

:  Optical theory,
TPP-2M

500 6000: This talk

?

More bulk sensitivity in photoemission 
by going to hard x-rays

The only certain 
way to obtain more 

bulk sensitivity

E 50-200 meV
50-500  meV

1-5 meV

And with competitive 
energy resolutions

Experiment

Optical-based theory



Basic Concepts: 
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressuresmulti-TorrAtmosphere?

Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Electron inelastic attenuation length in solids—the “universal curve”
Photoemission is a surface sensitive experiment

Graphite

Germanium
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Mean depth

e

e

Typical UPS, synch. rad. PS

Typical XPS
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Λ sinΘ
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z

Changing photon energy:
2nd way to vary surface sensitivity

Changing angle:
1st way to vary surface sensitivity



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d/d)

2. Transport to the
surface: inelastic (e)
and elastic (f()) scattering

<< Ekin

3. Escape across the
surface barrier (V0)





One-Electron Picture of Photoemission from a Surface

Before entry
to analyzerInside

solid spectromete

r

Ekin

Valence
Levels

(Bloch-
Like)

Inside
analyzer

Core
Levels

(Atomic-
Like)

 Free e-

V0



Observed
Low-Index
Directions
Above 
W(110)

Electron Refraction at the Surface Due to the Inner Potential

, IR = total internal reflection



C. S. F., Prog. Surf. Sci. 1984, 16, 275

Electron Refraction at the Surface Due to the Inner Potential



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d/d)

2. Transport to the
surface: inelastic (e)
and elastic (f()) scattering

<< Ekin

3. Escape across the
surface barrier (V0)



I0R

+X-ray refraction/
reflection

standing wave
formation

(more later)
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X-ray optical effects in hard x-ray reflectivity from a multilayer structure

(cap)

Yang et al., J. Appl. Phys. 113, 073513 (2013)
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Electron inelastic attenuation length in solids—the “universal curve”
Photoemission is a surface sensitive experiment

Graphite

Germanium
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Mean depth
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Typical UPS, synch. rad. PS

Typical XPS
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Changing photon energy:
2nd way to vary surface sensitivity

Changing angle:
1st way to vary surface sensitivity

Changing x-ray penetration/
standing wave/total reflection:

3rd way to vary surface sensitivity



SIMULATING XPS SPECTRA-WITH ELASTIC SCATTERING
THE SESSA PROGRAM FROM NIST

W. Smekal, W. S. M. Werner and C. J. Powell, Surf. Interface Anal. 3, 1059 (2005); W. S.M. Werner, 
W. Smekal, T. Hisch, J. Himmelsbach, C. J. Powell, J. Electron Spectrosc. 190, 137 (2013).

Includes:
• Cross sections
• Radiation polarization
• Inelastic mean free path
• Elastic scattering
• Exact experimental geometry
• Estimate of Auger intensities

Does not include:
• Trajectory bending at the inner potential V0
• Any x-ray optical effects (for that our YXRO 

program: Yang et al., J. Appl. Phys. 113, 
073513 (2013)



Al-semi-inf.
Al2O3-10 Å

O 1s
Al 2s, 2p

SESSA simulations:

C- 5 Å

h

e-

Unpolarized, with 
some components 

pointing into 
analyzer

Polarized along 
axis perp. to plane 
of x-ray incidence 
and electron exit, 
and so yielding 

electron emission 
into the nodal line 

of any s-shell cross 
section

h
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