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Synchrotron Radiation

Synchrotron radiation occurs when a charge particle moving at relativistic
speeds follows a curved trajectory. (either in a circular motion, like a bending
magnet, or a sinusoidal motion, such as a wiggler and an undulator).

Bending magnet
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Synchrotron Radiation

Synchrotron radiation occurs when a charge moving at relativistic speeds
follows a

1. EM simulation of a bending magnetjiiiill
® electrons |
electric field

2. EM simulation of a wiggler
@® clectrons
electric field




Synchrotron Radiation and Dipole Radiation
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Dipole Radiation at relativistic speed - Undulator Radiation



Bending Magnet SR Characteristics
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E. (critical photon energy) is that for which half the radiated power is in higher

photon energy and half in lower photon energy.



Spectral brightness
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Synchrotron Radiation: A High Brightness
Tunable X-ray Source
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Photon energy

Spectral brightness for several SR sources:
*Several orders of magnitude brighter than the
conventional x-ray tube. Trillion times brighter
than hospital x-ray.

*A broad emission, tunable.

Equation to remember:

E (keV)=0.665x E *(GeV)x B(T)



Power of SR from a Banding Magnet

Another equation to
remember: E 4 __— ltis difficult to accelerate electrons.

0 High energy physicists hate this term.

Power of SR; P oC

E><r

This is why we are using electrons \

Higher the enerqy, Larger the rin
High energy physicists hate this too. 'g gy g g

ALS US 1.9GeV, 197m

SPring-8, Japan, 8GeV, 1 44km



Beamlines are used to Transport Photons to the Sample, and
Take a Desired Spectral Slice

Beam Masks
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Generation of X-ray in old days

Producing x-rays:
the good
old-fashioned way

Evacuated
glass envelope

Filament Metal target

rlenss

tv O—-- > = \ts.&._.__,, i

~ AlorMgor...

2,

TN

Focusing
electrode »

10-20 keV

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

Table 1-2. Photon energies, in electron volts, of principal K-, L-, and M-shell emission lines.

Element Koy Ko Kp Loy Lay LB Lg, Ln

Moy

30 40 50 60 70 80 90 11 Na 1,04098 1,04098 / 10711
1,302.2

3L 54.3
s 4 Be 108.5
‘ | 5B 183.3
6C 277
7N 3924 Popular laboratory sources
8o g for photoelectron spectroscopy
Bremsstrahlung 1(9) ;e :1:2 s

A (pm) == 1,557.45
183594
: T 21391
16 S 230784 230664  2,464.04
17.a 262239 262078 28156
18 Ar 295770 295563 3,195
19 K 33138 331L1 35896
20 Ca 369168 368809 40127 3413 3413 3449

21 Sc 4,090.6 4,086.1 4,460.5 3954 395.4 399.6




What are the advantages of using SR over
Conventional X-ray source?

2. High Brightness & Flux of Photon
3. High Energy Resolution

4. Ultrafast Light Source & Coherence
in X-ray regime



Science with Light Sources

Valence Core Electrons
Electrons

Photon 10eV 100eV 1keV 10keV
Energy l l l J

Wave- ! ! ! '
length 100nm 10nm 1Inm 14

Nanostructures

EUV Lithography

Proteomics .




Science with Light Sources

THE ELECTIROMAGNETIC SPECTRUM
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What Does Synchrotron Radiation (SR) Brightness Buy You?

High Energy
Resolution

Nano-meter
Spatial
Resolution

Ultrafast &
Coherence

Band Structure of Bi,Te,
Y.L Chen... @BL 10.0.1, ALS
(< 10meV resolution)

3-D reconstruction of yeast

C. A. Larabell... @ XM1, ALS
(<3onm resolution) LCLS at Stanford and future

NGLS at LBNL.

(fe v-rav lacar)



Outline

A. Brief reviews on
Synchrotron Radiation

B. Various spectroscopic tools with
synchrotron radiation (soft x-ray) : XPS,
XAS,XES

C. Recent developments




X-ray Photoelectron Spectroscopy (XPS)

With acknowledgments to:

+Quantum
echanics

‘1
198
“Hole” By
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»
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The photoelectric effect. Annalen der Physik 17, 146 (1905)

nitial — =fina binding inetic
(Nobel Prize for it in1921— But no mention of it in his Nobel lecture)



X-ray Photoelectron Spectroscopy (XPS)

Energy Analyzer
o Linear - - Photoelectric Effect : Einstein (1905_)
hy . E(K.E.) = E(hv) — E(B.E.) — Work function
BP0 T S
T 2 < fp Ali>f 8(E) - E) —ho)
fi
B

D.O.S.

No. of Electron

f = final states
I = Initial states
p = momentum of photoelectron
A = vector potential of photon
(Electric fields)

States =

Kinetic Energy (E,;,)

F
hv = Ey, + Ebinding*lq’

Binding Energy '

ag.zh/photospectros1/7-97



Core level Spectrum Valence Band Spectrum

5A SiOy on Si(100) Pt (111)

Si 2p;;,
hvu=130 eV
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Transmission Electron Microscope
: Require careful sample preparation & spectra analysis

Si 2p excitations—
like x-ray
_absorption spectra

AE = 0.1V
AX, Ay
2 ooz.WW‘.

Differential scattering probability (arbitrary units

95 100 105 110
Energy loss (eV)



XPS

A. Non-destructive measurement

B. Superb chemical resolution
(Energy resolution)

C. Structural dependence

Phys. Rev. B 38, 6084 ( September 1988)

Photoemission Intensity (Arb. Units)
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XPS (Core Level Shift)

CHEMICAL SHIFTS IN ADSORBATE ¢ SUWBSTRATE
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CO Adsorption on Pt(111)

Top Bridge
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Wang, Li, Borg, Hammer and Andersen et al. Phys. Rev. Lett. 95, 256102 (2005)



The Soft X-Ray Spectroscopies

Core PE| e, e,

Valence PE |e-

EF I -
va | ////////////ZZ_%
V XAS ’, V
XES]
Core /

PE = 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.



The Soft and Hard X-Ray
Spectroscopies

Valence PE -
band struct.,
quasipart. exc.,
DOS, spin pol.

“Bulk” - Surface/near surface e- XES—

| Valence PE \ €, - Bulk

Deeper




XPS (Core Level Photoelectron Spectroscopy)
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XPS (Instrumentation)

|PHOTOELECTRON SPECTROSCOPY
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XPS (Core Level Photoelectron Spectroscopy)
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Core Level Photoelectron Spectroscopy
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Core Level Photoelectron Spectroscopy
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Core Level Photoelectron Spectroscopy

Atomic orbitals:

r ComeLx, t¢* m#£ 0

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FORn = 1,2, AND 3* (@ B4 @ mbmm

TABLE 6.1

Ry lr)

19 0,0

W 3 Mg
1 0 0
15
2 0 0
kXS
2 0
2Pe
21 41
2Pse
30 0
35
31 0
3P
3 1 t1
a1
3 2 0
3d,
32 1 |
34 21
32 42
3dsa

—— sin 6 cos 6

Jis

— sin® 0
4

2
1

22 " <2 - a_o> -
1 I -r2a,

2\/3 03/2 [20)
1 I -ra,

2\/8 a? a,

e-rla°
JVr a?
1 r
—_— (2 = —) e
427 ad? < ao)
1 ' na
m a—o e o cos 6

1 r? e N .
— — ¢ % 5in? § e*¥¢
162Vx a3 @}

§

1 r Ra. . i
—=— — e "“sin § e*®
8Vr a3 ao
1 r r2>
—— (27 — 18 — + 2 =] e "%
8137 a2 ( a, a?
v N
—F=5 |6 ——)—e%cos §
81V a3 ( ao> a
1 r\ r
——— (6 — —) — e 5in 9 £***
81V @ ( ao> a
1 r? —r13a, )
—81J§;aﬁ’za_§e (3cos*d - 1)
1 i ~rag o +ig
ma—oe o sin 6 cos 0 e

R AP Y )@5“

e 4

*The quantity a, = 4xe,fi?/me* = 5.3 x 10~'" m is equal to the radius of the innermost Bohr orbit.

—_— N —

1S Sam@g FORR
MANY € ATYAS

CHANCES PORR
Many €7 ATemS



Core Level Photoelectron Spectroscopy
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Core Level Photoelectron Spectroscopy
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Core Level Photoelectron Spectroscopy
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What are the advantages of using SR over
Conventional X-ray source?

Energy Tunability
a. Varying the kinetic energy of electron

b. Tuning Cross section



Electron escape depth vs. Electron kinetic energy
: so-called “Universal curve”
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XPS (Electron Mean Free Path)

Inelastic mean free paths in solids

Database of experimental and theoretically estimated mean free paths at

http:/lIwww.nist.gov/srd/webguide/nist71/71imfp.htm#elements

Plus estimation with the TPP-2M (

Web calculation for elements from: http://www.ss.teen.setsunan.ac.jp/e-imfp2.html
Atomic Number of Target Atom, Z2= |3 (1<=22¢=92)
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XPS (Electron Mean Free Path)

Inelastic mean free paths in solids

Estimation from the TPP-2M formula: any compound
E

A~ A=
B[ BIn(38) - (C1 E) + (D B*)]
where
§ = -010 + 0.944/( B+ B2 + 0.0690""

050 and E =288 (N ,p/M)V* is the free-electron
y = 0.191p plasmon energy (in eV), p is the density (in g
cm-3), NV, is the number of valence electrons
per atom (for an element) or molecule (for a
¢ = 1% - 031U compound), M is the atomic or molecular
weight, and E, is the bandgap energy (in
eV). These equations are collectively known

D= 534 - 2080 as the TPP-2M equation.

Tanuma, Powell, Penn, Surf. Interface Anal.

_ _ 2
U= MNoelM = E, /8294 21, 165 (1994)



Depth Profiling Information

With synchrotron radiation, kinetic
energy of electron can be easily
tuned by varying incoming photon
energy.

E(K.E.) = E(P.E.) - E(B.E.)
Binding energy ( Si 2p) : ~100eV
Photon energy ( 130~400 eV)
Kinetic energy (30~300 eV)

*Depth profiling can be done with
different take-off angle
measurement in the case of flat
solid sample.

Photoemission Intensity ( Normalized to Bulk Peak )
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Depth Profiling Information

| Be (0001) - SURFACE CORE SHIFTS
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XPS (Depth Profile)
Surface sensitivity enhancement for grazing exit angles

Aesme

° il # & -

w2

5A<Ae< 80A

Fig. 5. Illustration of the basic mechanism producing surface sensitivity
enhancement for low electron exit angles 6. The average depth for no-loss
emission as measured perpendicular to the surface is Agsiné.

E.q.- A 220A i Awls) ot 400 eV

_6_ Meom Depth.  No. loyers
“suw'—» 90° 28k ~q
"sumu'-v 10° ) | ~d.5
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XPS (Depth Profile)

Surface Silicon: t(oxide) = 15A
sensitivity (os;?di) (elz:fgm)
enhancement - 6-80° 1 ~3.8eV
: : 10k~ =019 ik A
for grazing exit |

el

- 20* —2p
2 3/2
D I S B

8

Counts—»

AR Po T

1 1 i | | 1 1

| |
<—— Binding Energy (eV)
Fadley, Progvess in Suface Scumer, 16,275 ('8Y)
Fig. 7. Si2p spectra at three electron exit angles for a Si specimen
with a 15-A thick oxide overlayer. Note the complete reversal of the

relative intensities of oxide and element between high and low 6.
(From Hill et al., ref. (19).)
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Rh, sPd, s Nanoparticle

: Surface Segregation and Restructuring

Rh-rich (94%) corona
Depth Profile : XPS Atomic
Concentrations
Rh, -Pd, s corona (Ephoton =645 eV or 850 eV)

Pd-rich (67%) corona

 Pd pulled to surface at 250 °C in CO + NO
« Pd,,sincreases from 6% to 67%
e Pd,car surf iInCreases from 10% to 55%



Surface Segregation and Restructuring under Ambient
Pressure Condition (CO + NO atT =300C):

Not only the temperature, Chemistry drives the segregation

Reaction 1
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What are the advantages of using SR over
Conventional X-ray source?

Energy Tunability
a. Varying the kinetic energy of electron

b. Tuning Cross section



Initial state '
Wiot'(N), Etot!(N) .

Final state ion Photoelectron

Yio (N1, K), Exot/(N—1, K)+¢$/(1)x/(1), Ein

| y 2
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N .
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Yeh & Lindau, Atomic Data and Nuclear Data Tables, 32, 1-155 (1985).



J.J. YEH and I. LINDAU Subshell Photoionization Cross Sections

GRAPH 1. Atomic Subshell Photoionization Cross Secti for 0-1500 eV, 1 < Z < 103
See page 6 for Explanation of Graphs
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Yeh & Lindau, Atomic Data and Nuclear Data Tables, 32, 1-155 (1985).

By adjusting the photon energy, the cross-section can be easily tuned. Also, using
the polarization of light, the molecular geometry on surface can be determined.



J.J. YEH and L. LINDAU Subshell Photoionization Cross Secti

COOPER MINIMUM IN In 4d (Z = 49)

GRAPH 1. Atomic Subshell Photoionization Cross Scctions for 0-1500 eV, 1 < Z < 103
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In binding energies(eV) are:
1s( 2) 26971.5 2s(2) 3983.01 2p( 6) 3731.41
3s( 2) 764.232 3p( 6) 659.286 4s( 2) 118.953
3d(10) 462.909 4p( 6) 84.0558 5s(2) 10.1384

4d(10) 26.2168 Sp( 1) 4.69781

“ Copper-minimum effect arises from the presence of a node on the radial portion
of the initial-state wave function of several subshells (e.g. 4d and 5d) and the
consequent cancellation of the matrix elements for transition”

Rossi et al. Phys. Rev. B. 28,3031 (1993)



Pd (film)

Ag (film)

— hv=80¢eV
—— hv=130¢eV
---- difference curves
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From the difference curve out of Cooper minimum & non-Cooper
minimum spectra, redistribution of valence band state can be
studied in the bimetallic-alloy system

Rossi et al. Phys. Rev. B. 28,3031 (1993)



XPS (Cross Section)
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XPS (Cross Section)
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Valence Band Photoelectron Spectroscopy
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Valence Band Photoelectron Spectroscopy

c RECIP ROCAL
LATNCE
TPoINTS

(3's)

Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and
the reciprocal lattice is body-centered, as drawn.
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Valence Band Photoelectron Spectroscopy
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Valence Band Photoelectron Spectroscopy

Vacuum level

-
The electronic structure of a transition metal—fcc Cu
dc, = 4.4 eV = work function
2 ; Cw 15 -+ 3d'%4g!
ELECTOMIC BAMDS
o 10 & VENSITY oF STATS,
¢ M\XING
=13.0eVr
3d LILE
M -4
5 tnuwnG
Experimental

-10+
1 1 %
8 6 b 2 0 L r X K
Density of states (Arb. units) Wave vector

Fig. 7.12. Bandstructure E (k) for copper along directions of high crystal symmetry
(right). The experimental data were measured by various authors and were presented
collectively by Courths and Hiifner [7.4]. The full lines showing the calculated energy
bands and the density of states (/eft) are from [7.5]. The experimental data agree very
well, not only among themselves, but also with the calculation

-8 points from
angle-resolved

1  photoelectron
spectroscopy
(more later)



Spatial mapping
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Angular mapping
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/ State of the art:
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Angle Resolved Photoemission Spectroscopy (ARPES)

o Electronicband structure)measurement;

(dispersion relation E vs k)
— Angle resolved photoemission
e hv =80-1200 eV, Energy resolution = 25-30 meV at hv =95 eV
e Angular resolution 0.1° (0.01A)




Bonding interaction between
chemisorbed atomic oxygen Pt surface state
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Karl Manne Georg Siegbahn
The Nobel Prize in Physics 1924.
"for his discoveries and research in the field of X-ray spectroscopy”

Kai Manne Borje Siegbahn
The Nobel Prize in Physics 1981.

"for his contribution to the development of high-resolution electron
spectroscopy”.




XAS ( X-ray Absorption Spectroscopy)

Vacuum
Level

Rydberg

states

Continuum
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XAS ( X-ray Absorption Spectroscopy)

E,-10eV E, E,+10eV  Ey+350eV

Continuura

EXAFS

-
-

L2 %y o

Absorption

Lund University

A. Total electrons yield : Sample Current
= Bulk sensitive information

B. Partial electrons yields : channeltron
= Surface sensitive information

C. X-ray fluorescent yields : photo-diode
= Bulk sensitive information

4

h

.
!

P/ NN

XANES - X-ray absorption near edge structure
NEXAFS - Near edge X-ray Ahsorption fine siructure

EXAFS - Extended X-ray ahsorption fine structure

XANES: X-ray Absorption Near
Edge Structure : Information
concerning the oxidation state of
the absorbing atom and its site
symmetry.

NEXAFS: Near Edge X-ray
Absorption Fine Structure :
sensitive to the number, kind and
symmetry of atoms adjacent to
the absorber atom.

EXAFS: Extended X-ray
Absorption Fine Structure : The
energy of the photoelectron is
high enough that its de Broglie
wavelength becomes comparable
to the distance to neighbouring
atoms.

Information regarding the number,
kind and distances of
neighbouring atoms from each
other and the absorber.



XAS( X-ray Absorption Spectroscopy)

Variation of
Near-Edge X-Ray
Absorption Fine
Structure

(NEXAFS) with Atomic
No. for Some 3d
Transition Metals

J. Stohr, “NEXAFS
Spectroscopy”
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XAS( X-ray Absorption Spectroscopy)

Basic Building Blocks of Polymers
Carbon-Hydrogen Bonds
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http://ssrl.slac.stanford.edu/stohr/nexafs htm

Sensitivity to molecular
functional groups.

Ability to determine molecular
orientations.

Study of charge and spin
phenomena in materials.

Springer Series in Surface Sciences 25

Joachim Stéhr

NEXAFS
Spectroscopy




XAS : Magnetic Circular Dichroism

Er ~—-~«& i3-S -----

Valence Band

Left-circular
polarized
(LCP) photon

Right-circular
polarized
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XAS

Normalized Electron Yield

: Magnetic Circular Dichroism

Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)

Ferromagnetic cobalt with magnetization
along incident light direction
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XAS ( X-ray Absorption Spectroscopy)

E(hv) =K.E. + B.E.

Excited
Photoelectron
hv S 3
< Kinetic Ener
QD (K.E.) 9y Exin | Ejected
o Auger electron
Vacuum Vacuum
Level [R-17/-7 e
E; Valence Ey
Valence Levels
Levels
, O E;
E;
Binding Energy Core
(B.E.) Levels Fluorescent
Core N light out : hve
Levels [—O-0—0—-0—0-0— —e-c-0-0—0—0—-=,
Core Hole

XAS & XES are coherence process !



XAS ( X-ray Absorption Spectroscopy)

The Soft X-Ray Spectroscopies

Core PE e

Valence PE | e-

CB hv
E; ‘
. [

Core

PE = 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.
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XRES (X-ray Resonant Emission Spectroscopy)

X-ray
fluorescence
spectroscopy
=X-ray
emission
spectroscopy
(XES)

Resonant
inelastic
X-ray
scattering
(RIXS)
and
Resonant
elastic
X-ray
scattering
(REXS)

Intensity [a. u.]

— Mn 2p,, — l
S b
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Butorin et al., Phys. Rev.

B 54, 4405 ('96)



XES (X-ray Emission Spectroscopy)

MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT

e Photoelectron spectroscopv/photoemissionr.;V o {free)
- =+ =Vacuum
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pi(bound) hy

| o

o Near-edqge x-ray absorption:
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e Auger electron emission:
2 Direct » Exchange
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XES (X-ray Emission Spectroscopy)

MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES:
RESONANT EFFECTS

e X-ray emission: = -
I c|& o (@, (1| |, (1)

Vacuum= = = = =
e Resonantinelastic x-ray scattering: hv e, . ¥_(N) :v -AE
- V-
R - R . 2 e .
I‘x Z Z <\Pf(N)’eemi or ‘\Pm(N)><\Pm(N)‘emc or “P:(N» % ﬁg/e
T hv + E;(N)-E,(N)-il A
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Fig. 3-1. Total photon cross section o,y in carbon, as a function of

energy, showing the contributions of different processes: r,
atomic photo-effect (electrn ejection, photon absorption);
Teohr coherent scattering (Rayleigh scattering—atom neither
ionized nor excited); Oince » INcoherent scattering (Compton
scattering off an electron) «,, pair production, nuclear field;
K. pair production, elect' n field: o n Photonuclear absorp-
tion (nuclear absorptic. . sually folyq ‘d by emission of a
neutron or otker particle). (From Rf s; figure courtesy of
J. H. Hubbell)

“X-Ray Data Booklet”
Section 3.1



SR-based XPS & X-ray Optics

Incident

A LITTLE X-RAY OPTICS = yses
Equatio

(E.G. See pp. 1-38, 1-44, 5-18-5-19 in X-Ray Data Booklet)

Reflected

I(z) = Transmitted
I(O)exp(-L/4,,) & Absarbed

y 4

Index of refraction=n=1-5-ip

& = + no. = refractive decrement << 1 (Sometimes negative through absorption resonances)

B = + no. = absorptive decrement << 1
Online data and calculations at:

S and B linked by Kramers-Kronig transform .
P y 9 http://www-cxro.lbl.gov/optical_constants/

n also = 1 = (rJ2n)An 22 nifi(0=fwd. scatt.)
Au Dengsity=19.32

re = classical electron radius
= @?%/4ncsym 0? = 2.817 x 10" m

Anv = X-ray wavelength AN ,
S delta (dash)
TR beta {solid)

n; = no. i atoms per unit volume

fi = x-ray scattering factor for ith type of atom, in forward
direction

Exponential absorption length = laps = AnJ/(4nB) = A,

[ind
i
rl\
[sa}
&
I
-—
Q>
[

OcriT = critical grazing angle at
which reflectivity begins (R ~ 0.20)
= [2510.5
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SR-based XPS & X-ray Optics

http://www-cxro.lbl.gov/optical_cor

A - Bay Tateractions with Watter

Contents

@ Introduction
@ Access the atomic scattering factor files.
@ Look up x-ray properties of the elements.
@ The index of refraction for a compound material. s
: @ The x-ray attenuation length of n'wli(l. webs.te
@ X-ray transmission
# Of a solid.
B Of a gas.
@ X-ray reflectivity
‘ ® Of a thick mirror.
B Of a gingle layer.
® Of a bilayer.
® Of a multilayer.
@ The diffraction efficiency of a transmission grating.
@ Related calculations:
® Synchrotron bend magnet radiation.

Newt What's New?

Other x-ray web resources.

These pages utilize JavaScripi, but the decaffeinated versions are still available

Reference

B L. Henke, E.M. Gullikson, and J.C. Davis. X-ray interactions: photoabsorption,
scattering, transmission, and reflection at 12 50-30000 ¢V, 7 1-92, Atomic Data and
Nuclear Data Tables Vol. 54 (no.2), 181-342 (July 1993)

CXRO | ALS
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SR-based XPS & X-ray Optics

Optical constants through Mn 2p edges of MnO—
Web data without absorption peaks

delta {dash)
beta {solid)



Dr. Neville Smith, a former ALS scientific director,
coined the term “Ambient Pressure “ XPS for the first
time.

A leading authority in the field of momentum-resolved
photoemission spectroscopy.

Inverse photoemission

Neville V Smith
AT&T Bell Laboratories, Murray Hill, NJ 07974, USA

Bremsstrahlung isochromat spectroscopy (Bis) is a vintage technique which is now
being marketed under the new appellation of inverse photoemission spectroscopy
(1pes). The aim of this report is to savour the present condition of this technique and
to assess how it will mature. The procedure of the report will be to sample interesting
cases, to distil the essence, and to extract the ferment of this effervescent new spec-

troscopy. | Rep. Prog. Phys. 51 (1988) 1227-1294. Printed in the UK



