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

(In order of coverage in lecture)
Reading:

l» Woodruff and Delchar, "Modern Techniques of Surface Science", 2" Edition--
Chapter 1

Chapter 6: 6.9, 6.10, 6.11
Chapter 3: Sections 3.1, 3.2, 3.3, 3.5

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 1: Everything except "The roughening transition"
Chapter 3: pp. 28-34, pp. 49-52 on STM
Pages 85-86, 192-196, 204-212

» Zangwill, “Physics at Surfaces”, downloadable Chapters 1-5 (see course website)--
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Read | N Chapter 4: Introduction, with lighter reading of The jellium model, One-dimensional band
g theory, and Three-dimensional band theory, and detailed reading of Photoelectron

Coverag e spectroscopy, Metals, and Alloys

fO Fm | d term ¢ Ibach, “Physics of Surfaces and Interfaces”, downloadable book (see course website)—

Chapter2: 21 22

| Chapter 8; 8,2

M ~—

arguments in Zangwill and lecture

XPS”, to be handed out, but also downloadeable—

ectrons | II and III A-C. With remaining

sections by the end of the course

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

Next
~ reading in
blue:

¢ Attwood, Downloadeable excerpt on synchrotron radiation from the book

“Soft X-Rays and Extreme Ultraviolet Radiation” (see course website)

Problem assignments:
Problem Asst. 1-all of PS 1. Due Thursday, October 13th
Problem Asst. 2—aII of PS 2, plus 3.1 and 3.2. Due Thursday, October 27

Rest of “Basic
Concepts”
+Molecular
Orbital Basics
&Tight-
Binding
Basics

(from website)

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| 1




fﬂer?;ioen o8 The Soft X- Ray Spectroscopies

7’/

sensitive,
, Valence PE | e Core PE ‘—

PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscopy
XES = x-ray emission spectroscopy
REXS/RIXS =resonant elastic/inelastic x-ray scatterlng



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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PHOTOELECTRON SPECTROSCOPY
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TYPICAL PHOTOELECTRON SPECTRA:
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PHOTOELECTRON SPECTROSCOPY
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X-RAY PHOTOE LECTRON SPECTRUM OF Co
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The LCAO or tight-binding picture for CO: Atomic orbital makeup
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Valence-level
Photoelectron
spectra of CO
adsorbed on
various
transition
metal
surfaces
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Theoretical
Calculations
of charge
density for
CO bound to
Ni(001)- “on-

7

top™:

Fig. 12.14, Charge density contour plots appropriate to Ni(100) <2

x 2)-CO: (a) free molecule 5¢ orbital; (b) free molecule 2n orbital; (c)
difference between CO/Ni(100) and the superposition of clean Ni(100)
and an unsupported CO monolayer. Solid (dashed) lines indicate a
gain (loss) of electronic charge (Wimmer, Fu & Freeman, 1985).
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ATOMS AND SIMPLE MOLECULES
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a) The spectrum : this work. The I,'s: Turner ef al. (215). Sec also other works : Turner

and May (215a) ; Carlson and Jonas (54) ; Gardner and Samson (104) ; Edqvist et al. (90) ;
Potts and Williams (182a) ; and Natalis e? al. (165).

b) We used the bond length reported (A 3) i symmetry C.p. Escp=—112.6672 hartree. In 4-31G
calculations, Egop=—112,5524 hartree and —¢e(eV)=14.93, 17.41, 17.41, and 21.60.

c¢) CI-IL. (9, 8)=1m. |N)»=0.98(SCF). The results obtained in other CI levels are given in
Appendix B.
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INTENSITES IN ProTOBLECTRON SPELTRA!
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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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VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA
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INTENSITES IN ProTOBLECTRON SPELTRA!
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Magnetic Circular Dichroism in X-Ray Absorption (XMCD):
Only happens because of the spin-orbit effect
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Example: Photoelectron spin polarization from spin-orbit

coupling and circularly-polarized radiation—The Fano Effect
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Photoelectron spin polarization from spin-orbit coupling and

circularly-polarized radiation—The Fano Effect
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Figure 3 -- Energy level diagram for a metallic specimen in electrical

equilibrium with an electron spectrometer. The closely spaced levels
near the Fermi level Ep represent the filled portions of the valence
bands in specimen and spectrometer. The deeper levels are core
levels. An analogous diagram also applies to semiconducting or
Papel‘ 1 insulating specimens, with the only difference being that Egp lies
somewhere between the filled valence bands and the empty conduction

“Basic Concepts of XPS” bands above.
Figure 3



INTENSITY —

"Basic Concepts of XPS"

Figure 4
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Figure 4 —— Full XPS spectral scan for a polycrystalline Au specimen,

showing both the cutoff of the secondary electron peak at zero kinetic
energy and the high-energy cutoff for emission from levels at the
metal Fermi level. The measureable distance AE thus equals hv-¢g,
nrovided that suitable specimen biasing has been utilized. For this
ase, hv was 1253.6 eV and ¢g was 5.1 eV. (From Baer, reference 56).
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Work functions of the Elements
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Electron Work Functions of the Elements

From the CRC-Handbook, 73rd edition (1993)

Element

A=

Ba
Be
Bi

Surface crystallographic

orientation

Ag polycrystalline
(100)4.64
(110)4.52
(111)4.74

polycrystalline
(100)4.41
(110)4.086

(111)4.24

Al

Au polycrystalline 5
(100)5.47
(110)5.37

(111)5.31

Work function (V)

4.26
4.28
iy
on surface
orientation
3.75
1

.

.45

.98
.22
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Measuring Electron -

Binding Energies: Speckmen

Charging Effects
For Insulators

Spectrometer
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Figure 3 -- Energy level diagram for a metallic specimen in electrical

equilibrium with an electron spectrometer. The closely spaced levels
near the Fermi level Ex represent the filled portions of the valen

bands in specimen and spectrometer. The deeper levels are core "Basic Concepts of XPS"
levels. An analogous diagram also applies to semiconducting or .
insulating specimens, with the only difference being that Ep lies F|gljre 3

somewhere between the filled valence bands and the empty conduction
bands above.
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One-Electron Picture of Photoemission from a Surface
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One-Electron
Picture of
Photoemission
from a Surface
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Basic energetics

hV EVacuum + E EFerml

binding kinetic binding + (pspectrometer + Ekinetic

One-Electron Picture of Photoemission from a Surface
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caLtuinnoN oF Vo Fo AN TDEAL METAL

Fig. 4.2. Electron density profile at a jellium surface for two choices of

the background density, r, (Lang & Kohn, 1970).
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Fig. 4.3. Electrostatic potential, v(z), and total effective one-electron
potential, v.(z), near a jellium surface (Lang & Kohn, 1970).
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Electron Spectroscopy—A typical configuration
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With proper lens imaging in vertical angle-
an energy vs angle image at detector
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Initial energy 65 eV, final energy 10 2V
l:‘.h'spm's:inn S0 mmjfrad

Ininial angles O, 0.02, .04 and (.08 rad
Lens voltages 120.5, -45.2 and 35.5 ¥

—
=]
Il

4]
|

™

o, = vertical angle
-10

18 T 1 1 T
0 200 400 600 800

Distance along lens (mm) ’

—_

E.,k band mapping

Distance from samnle center (mm)

Emission angle—

Kinetic energy—
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ENERGY

Graphene- A very special 2D case

The Nobel Prize in Physics 2010
22y Andre Geim, Konstantin Novoselov
= S NS ) Ny ..."for groundbreaking experiments
regarding the two-dimensional
material graphene”

- Photoelectron spectroscopy

3

nocc

Holes E(E):CIEI
A Dirac particle
k,.v
Electrons

55
Nobel, 2010

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



MULTICHANNEL DETECTION GEOMETRIES
Multiple channeltrons: brute force
——. —_—{

- Up to ~ 1-5 MHz
—le 6, 8
— L per channel

Crossed-wires—2D|M
Up to ~ 1MHz

Microchannel plates (MCPs) and

CHANNEL
—§\To IC
\ channel

a:Bicp Resistive .dividual Collectors—1D

_(81D)-(arc) Anode—2D:  (Elettra and the ALS):
~A+Bic+D Up to ~1 MH:z Up to ~ 1GHz

/
/i

i

_{(A+B)—{C+D)




MULTICHANNEL DETECTION GEOMETRIES

Multiple channeltrons: brute force

ﬁ
=a——— 0

— ﬁ
=
e ﬁ

—_— e 4] () 6-

—_—
ﬁ

— .
— ﬁssed-wires—zn
Up to ~ 1MHz

Microchannel plates (MCPs) and

CHANNEL

10° e Up to ~ 1-5 MHz
per channel

— AL B ~
U, K
————»3#%&; AR e
[ Atseds K 2 U
YU %% -
R S RY
e — ... 'Q.". PR ‘3’:’:’: To I c
||.‘l|..0. ?{&s’ R
L —— ‘ ’ .'.‘.."I ) .'.l |a :0’%0:’%’% :::::3
O % A channel
 —_ LT SR
O B s]
—_— ‘I ) ’.l ) 'I v :0:9:0: 0:0‘
A Le S ¥
——— :0.0.
- 059
ﬁ 4

X _{(A+B)—{C+D)

A+B+C+D Phosphor +
_(B+D)—{A1C) Vide: Camera
A+B+C+D

b
03
N

fewport

Individual Collectors—1D
(Elettra and the ALS):
Up to ~ 1GHz



The Microchannel Plate Electron (and Photon) Multiplier

Diam.
Down to 5
microns

———

Pbh-DOPED GLASS

CHANMNEL

INFUT

ELECTRON o——_3

INPUT SIDE
ELECTRODE

CHANMNEL OUTPUT
WALL ELECTRODE
y
QUTPUT
ELECTRONS
STRIP ~106-108
L CURRENT \ E.g.- 10
a4} collisions
VD with 4-5 e
each



The MicroMott Electron

Spin Detector

oo, LT
Left (Down) Microchannel 4/ %% N
Plate Detector

Plus new higher sensitivity via very low
energy few-eV exchange scattering
from Co(0001)/W(110): Graf etal.,
http://arxiv.org/pdf/cond-

mat/0404720.pdf and Joswiak et al.,

REVIEW OF SCIENTIFIC INSTRUMENTS
81, 053904 (2010)

Tang et al.,
Rev. Sci. Inst.
59, 504 (1988);
Huang et al.,
Rev. Sci. Inst.
73, 3778 (2002)

MICROMOTT DETECTOR
(LBNL/Florida State Univ./UC Davis)

Input
Photoelectrons

Inner Hemisphere or Th. or U-
(at up to +3 = .
440" |- —Xﬂ‘ - OTQ; +90e +92e
Au Foil =% |°
Seatterer S|y Au: €@
‘\\ |+7QQ zlo
L/L/ %\ l k‘v
2 la
e A
©ls
V‘HM‘.IT“ 1"
Looe® Tright
T T Pol. € Ty~ Tigts
| §ls | [Nl |
b

Rotary Feedthrough
(rotation of detector and
interchange of 11

left/right and u

p/down detectors)


http://arxiv.org/pdf/cond-mat/0404720.pdf
http://arxiv.org/pdf/cond-mat/0404720.pdf
http://arxiv.org/pdf/cond-mat/0404720.pdf

Soft X-Ray Emission Spectroscopy—A typical
configuration

, Scienta XES300
Grtmgs

Grating selector

/ St

Sample

Collector/deflector electrode

#1
| Ra- Groove | Incid. | Operating
dius density. angle range
5m 1200 I/mm 1.9 380-1 500
5m 400 I/mm 26 100-450 eV
3m 300 I/mm 54 20-200 eV

Difference of path lengths =
e dfsin(6,,, =+no.)+sin(d,, =-no.)J=mAi,
4 mA 12

x —

+sing_, =—=
d

siné

inc




The (Focusing) Rowland Circle
X-Ray Monochromator/Spectrometer Geometry

m<0

Specular

m>0

Curved grating (soft x-rays)
or single crystal (hard x-rays)

13



One commercial soft xX-ray spectrometer—Scienta XES 300

2D-area
detector

Vacuum
valve

Detector ctrl

X/Y-tables

Upper grating
illumination ctrl.
r el

- &
) Optical axis ctrl.
Dy~

~L

Gratings

Grating
fllumination
selector

Entrance slit

Lower grating
illumination ctrl.

14



Hard X-ray
Photoemission at
the Advanced Light
Source: The Multi-

Technique
Spectrometer/
Diffractometer

(MTSD)

Sample prep.
chamber: LEED,

Scienta
electron \ Knudsen cells,
spectrometer ' electromagnet,...

(hidden)
ALS
BL9.3.1 Scienta
hv = 2-5 keV soft x-ray

spectrometer:
XES 300

~ Chamber
rotation

.

Permits using all relevant spectroscopies on a single sample:
XPS (incl. Al and Mg Ka)), HXPS, XPD; XAS (e or photon detection), soft XES/RIXS




Hard X-ray
Photoemission at
the Advanced Light
Source: The Multi-

Technique
Spectrometer/
Diffractometer

automated §
sample=
manlpulator

/I

. li :
... Sample prep
yachamber: LEED,
\ LMEE . Knudsen cells, QCM,
Loadlock “SCl V= U, R SANL 1M Mclectromagnet,...
for sample QRN N e~y
7inUoducﬂon

Soft x-ray
spectro- S = | Bl AR
meter: ks b ', 177 @ XPS AI/Mg Ka.
Scienta 17 ) ! é\ ;

p Electron
' spectro-
| meter:
| Scienta
|| SES 2002

XES 300

Chamber
& rotation




Basic energetics

hV EVacuum + E EFerml

binding kinetic binding + (pspectrometer + Ekinetic

One-Electron Picture of Photoemission from a Surface

Ek|n| hv — EK k)+ V E;(m =hv - ngk) Ekin =fEkin _¢spectrometer + (I)s
¥ I ¢ (T )_exp(lk T )—-7r— (T)=exp (iK -T) T
~Free e /' Inside
_ , . Inelastic scattering: i Epe Before entry Eyn analvzer
Inside By, 5 hv exp(-LIAY)~ i l to analyzer | y
solid ’ : _
_// ¢s‘ T ¢spectrorfneter
Valence E 7777 KT TTITTITTSTSFI2TI? TXY =1 V; .
Levels (k)—‘¢(r) up (7 explik -7) "
(Bloch- :
Like) Core i
]
Levels Solid Surface Vacuum

(Atomic-
Like)



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"° 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
o FADLEY, “BASIC CONCEPTS OF XPS”, HANDED OUT, BUT ALSO DOWNLOADEABLE—
Read all of it
o 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
o ATTWOOD, DOWNLOADEABLE EXCERPT ON SYNCHROTRON RADIATION FROM THE BOOK
“Soft X-Rays and Extreme Ultraviolet Radiation” (see course website)
o 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.



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

X-rays 1
PENETRATE
DEerLvy
(~1o‘-‘°‘” 3-STEP ~MODEL
: h — EXCITATION
¢6,,=9 : : ® '

s ::‘”w -~ SLte- Dirr. cross secTion
& e - e @ TRANSPORT To SuRE
oa.::"ﬁhu.' >/ LUng A, < INECASTIC ATTEMUATION

o .
A m 4
CORE ABSIAPTION THRESNOLD @)« ::A ?o?:&::no: -
¢
“iv. w2297 iced spectrometer geometry for calculating angular-dependent
¢t L lron peak inwensit.es, with various important parameters anhd
varic s indicated. @ ESCAPE PROM SURE:

ELASTIC ScATTERNG
He) DIPPRACTION, §,.'s

Vo & nerracnon: s 13



CALCULATING - _5
INTENSITIES IN ﬁﬁ
PHOTOELECTRON 3. hy Ao, ¢ SRR
SPECTRA SoUncE %1\"\

o; ¥
777~ CEFE7 Relveeng )i
2 \\’ _ B i e
VEQ4 DEEP
PENAETAATON

(Ererr for 6 O ST
VEA4 Smact!

INTENSITY o0 ['““—‘DENTJ [uuscrv o:} mrweJ

EAC\TING ATons EX- 1*lyecunE |°
FLUAX CITRD

( No. NO. (en3)
eMi-Sge ( (%
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PER ATOM .| wme-cesS [°]| DETEcON

FoR. EXCITATMN N
| wro avacveer| | SSCAPE || 4 u vase
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

hvl (X,y,z,€) I(Qr(]g-/j)
\hv N R Q(Ekinixi.‘;/)

"

- 9 ==V
s X
; _‘?.pf(escat )
‘ Level n/j ‘
Atom Q ‘

1(QnZj) =

CTI (x,y,z,€)p, (x z)daQ”/j(hv’é)ex - z Q(E, ,x,y)dxdydz

J T DY 280 ()2 40 P\ TA(E )sing |\ X YO

., (X,y,z,€) = x-ray flux, & = polarization
P, (%,y,2) = density of atoms Q — quantitative analysis
dog,,,; (hv,é&)

dQ
A.(E ., )=energy-dependent inelastic attenuation length + elastic scattering: f(6,_,, )

— Effective Attenuation Length (EAD) - Mean Emission Depth (MED)
Q(E,. ,x,y)=energy-dependent spectrometer acceptance solid angle

H OQ(E, ,x,y)dxdy = T(E, )= transmission function

=energy-dependent differential photoelectric cross section for subshell Qn/Z|j

V, =inner potential
0 P E.g.-Eqgns. (113) and (114) of Basic Concepts of XPS



VALENCE-BAND PHOTOELECTRON INTENSITIES IN THE DENSITY-OF-STATES(XPS)LIMIT

hv\lhv(x,y,z,é) l@Qnsj) 0(E, . x.y)

= \z --'VO
" Atom Q”
€ Levels n”¢”
Atom Q' Atom Q ‘
_evels n’/’ Levels n4j
For a given subshell:
I(E,QnZj) =
F; . do, ,(hv,&) y
cC' |l .(xy,zE (E..x,y, Qn/ exp| - O(E, ,x,y)dxdydz
!hv( V.28 )pqn (E, %y, 2) —4 o p[ Ae(Ekin)sinO} (E,, X,y )dxdy

., (X,y,z) = x-ray flux, & = x-ray polarization
Pon. (E, ,X,¥,2) = density of states, projected onto Qn/ character
daQn/j(hv,é)

dQ
A (E ., )=energy-dependent inelastic attenuation length

=energy-dependent differential photoelectric cross section for subshell Qn/j

— Mean Emission Depth
Q(E, . ,x,y)=energy-dependent spectrometer acceptance solid angle

For the total VB intensity:
E.g.-Pages 56-57 of Basic Concepts of XPS

lotat (Bin ) = 2 1(Eyn QN2) Solterbeck et al., Phys. Rev. Lett. 79, 4681 (1997)

Qn/



Copper densities of states-total and projected onto orbital type

ENERGY (eV)

TOTAL DOS

w
o
/ev)

DOS (STATES/Ry)
DOS (STATES

P

> More localized 3d-like

N

o\ Delocalized free

electron-like

23




SrTiO; and La, 4,Sry 33MNO5 band structures and DOS

SrTiOz-band insulator La, 7SI 33MnO5- Half-Metallic
Ferromagnet
80 7 |
" / / \ Projected DOSs
60 / A= AA Spin-up _.-: Spin-down
40 ] W | / ,
k1|
10

11 -
Expt’l. bandgap Expt’l. band

- 3.3eV offset 3.0 eV

-2{)

-30
40 \ /
p

30 WX WM R T E— S

60 Plucinski, TB —— Spin-up Zheng, Binggeli, J. Phys.
70 3 with expt’l. band offset —— Spin-down Cond. Matt. 21, 115602 (2009)
' Chikamatsu et al., Plucinski. TBP

W T I X7 N I T PRB 73, 195105 (2006);

Plucinski, TBP



PHOTOELECTRON INTENSITIES FOR SOME USEFUL CASES
(a) Semi-infinite specimen, atomically clean surface, peak k with Eyjn = Ey:
s NO
Ni(0)=10Q0o(Ex)Ao(Ex)Do(Ex)p dor/dQ Ae(Ex) \"DEP ) (115)

This case corresponds to an optimal surement on \a homogeneous
specimen for which no surface co inant layer is present.

Ex—> D, (E,\ = perecrion

/ﬁ» EEFLCIBACY
/ / s

Yeh & Lindau Fy Ao (Ei)= BFrecTwE

cross section Broad e — 7(
table ILLUMINATION /! 448 , nc»(Ek) S ACCEPTANCE
T hy CLE
, _Si:e ¢ NIST
3 7 s Database

, ; b g and TPP-2M
2 % k™ subshell a2 Formula
g = density (cw3)
/ (Powell

“RADIATION PENETRATES To

v >> € ESCAPE DEPTHS etal.) E.g--
e X 5 http://lwww.
e
X i .
+ SESSA Program / nan.ac.jp/e-
WebElements.html — |
(more later) imfp2.htmi

http://www.quases.com/products/
quases-imfp-tpp2m/



(b) Specimen of thickness #, atomically clean surface, peak k with Exin= Ex:
Ni(0)=10Qo(Ex)Ao(Ex)Do(Ex)p dor/dQ Ae(Erx)
x[1—exp (—t/Ao(E) sin )] (116)

Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing 6.

€. E,

T T T P e .

i kth subshell, P e t
Pl A ol S A A S SR S i —
\\\\\\\\\\\\\\\\ r

25



(c) Semi-infinite substrate with uniform overlayer of thickness ¢ -

Peak k from substrate with Exjn= Ey:
Ni(0)=1oQo(Fx)Ao(Ex)Do(Ex)p dor/dQ Ae(Ex)
x exp (—t/Ae’(Ex) sin 0)
Peak / from overlayer with Eyin= E;:
Ny (6)=I1oQ0(Er)Ao(Er)Do(E)p’ doi/dQ Ae'(Er)
‘ X [1—exp (—t/Ae'(E;) sin 6)]

where
A¢(Ex)=an attenuation length in the substrate

A¢’(Ex)=an attenuation length in the overlayer
p=an atomic density in the substrate
p’=an atomic density in the overlayer.

CerlIrerrery
e -
//////////// t

k) P) Ae.

(117)

(118)



(d) Semi-infinite substrate with a nou-attenuating overlayer at fractional
monolayer coverage—Peak k from substrate: Eq. (115).
Peak / from overlayer:

Ny(6) =10Q0(Er)Ao(E) Do(Er) €'(doy/dQ)(sin 6)-1 (120a)
Overlayer/substrate ratio:
Ni(0) Qo(Er)Ao(Er)Do(Ey)s'(dor/dQ)

Ni(0) _Qo(Ek)A o(Ex)Do(Ex)s dox/dQ (Ae(Ek) sin 6/d)

l- S_’ . Do(E)Qo(E)A o(Er)(doy/dQ)d
Do Ex)Qo(Ex)Ao(Ex) dog/dQ Aesin 6

(120b)

wita
s'=the mean surface density of atoms in which peak / originates in
cm—2
s=the mean surface density of substrate atoms in cm—2
s'/s=the fractiona. monolayer coverage of the atomic species in which
peak / originates

d=the mean separation betwe=n layers of density s in the substrate
(calculable from s/p).




Surface sensitivity enhancement for grazing exit angles

Aesine

€ &
>//< tmsusﬂs

so° 5 |
7/ |

5A<Ae< 80A

Fig. 5. I1lustration 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 e Awls) ot 1400 eV
8 MeomDepth No.layers

“suw’—» q0° 2el ~9
"Sursacg—> 10° ~443 ~4.5

oo BUT REFRATNON AT SURSACE AND
ELASTAC SCATTEAUMNG CAN NREP Uck .
SURPACE GBNHANCEHENT, ESP, AT LOW @ £ 30 28



Surface Silicon: t(oxide) = 15A

ety Si2 Si2
sensitivity (aside) (alamesn)

enhancement i i;80° x 3.8eV -
for grazing exit O < %" | iy 4

el
angles T .
o 500 i+—2p i
20, { an

e
6

PR N E-J\Uyﬁﬂnnﬂqqp.:

| | | | L 1

| L |
<—— Binding Energy (eV)
Fadley, Progvess in Suaface 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 8.
(From Hill et al., ref. (19).)

29



Surface 5
sensitivity B
enhancement | ,. ¢
for grazing exit 3}
angles “

i %
M'|;. e
0 T S S YR |
13 - 40°
'E
=)
o B
v 4
0 : Sl ) 1 1 E 1 i ’
8 | : : .
a B
6 | -
| B
A :
0 1 1 s L %o —
600 400 200 0
<— Binding Endgy (eV)
Figure 44 -- Broad-scan core spectra at low and high exit migleﬁ for

a Si specimen with a thin oxide overlayer (v 4A) and an outermosr

carbon contaminant overlayer approximately 1-2 momolayers in thidkness.

The Cls and Ols signals are markedly enhanced in relative intensiy at

low 0 due to the general cffecct presented in Figure 43. (From Falley, 30
reference 17.)



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

DEerLy
(~10-18'R)

+6,,=8,,
UNLESS /<
O 21’

orR Wy By !

i

: D/ Q SPECIREN
: Q ROTATION
' |

| | ’

l |

e P

| %)

X CTWVE

ﬁh— DIFF. CROSS SECTION

TRANSPORT TO SurP :

A

CORE ABISIRAPTMION THRESNOLD

Tiv. w o tixyTced spectrometer geometry for calculating angular-depandent
¢t L lron peak inwensit.es, with various important parameters anhd
var:s -s |nd.cated.

Ay + INELASTIC ATTEMUATION

ELASTIC SCATTERING:
< J
ﬂm Q@', DIFFRACTION

ESCAPE PROM SURE :

ELASTIC SCATTER/WNG
H@)e- DIPPRACTION, 8,,'s

V;‘-nssuc:hon: e'-»e
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ds2 —
Photoele;:tron

=
-5f=hkf

Radiation

Target atom/molecule

=4

hy

Unpolarized-

- FOR ATOMIC-LIKE EMISSION.
: « AO0WLED O CEL) L Y '
POLARIZED T.sv« nl + ef s &

& . s
UNPOLATIZED : “":‘t = L-%)[“.-}M(E‘)({—u o 1)]

Figure 7 -~ General geometry for defining the differential cross
section do/df}, showing both polarized and unpolarized incident radia-
tion. The polarization vector & 1is parallel to the electric field

of the radiation. In order for the dipole approximation to be
valid, the radiation wave length A should be much larger than
typical target dimensions (that is, the opposite of what is shown
here).

WITH L
Ope = TOTAL CROSS SECTON
Pul = ASNRAMETAN PARAMETER

Tut . Pn TABRLATIONS (N: GoLDBEAG ET AL ., T.ECBeT. SPECT.

S YEM, LNDAM,AT. NuS . DATA 2%,20'85)"\ 21, 285 ¢('81)
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TOTAL SUBSHELL CROSS SECTION: ft‘;’-m:

oni(EN) = ()[R (ET)+ (1 + l)Rz+12(Ef)]

= fum oVER ALL WMy Mg IN SuBSNELL L

drree od o

RADIAL MATRIX ELEMENTS To L+17 CHANNELS:®

-] (-] :
Rusi(EN)= | Rai(r)rRef, 1;a(r)r? dr= [ Pu(r)rPgs, gi(r) dr
0 o

DIFFERENTIAL CROSS SECTIUN. WUNPOLAMMZED

dUnI Tnl

q (EN=7— 1= 1Bn(E)Pr(cos o)]

! .
=—l [1+3Bu(EN@ sin? a—1)]
o
= A+Bsin"« g
ASYMMETRY “PARANETER® LL1 INTERPERENG

{I(I—I)Rz 12(EN+ (4 D)+ 2) Ry X EY) _! —

W WS SR o S — o w— wy  W—— W — — -

Bui(ET) =

QI+ DR A EN) + ([ + DR 2(EN]

8“1(5‘) = CNTINWUWA ORBITAL PHASE SHIETS
IN AToniC PoTeNnTIAL V(r)

<O+ DR ((ENRi_1(EY) cos [81,1(ET) — §i_1(EN)]}
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Intraatomic
electron screening
in many-electron
atoms--a self-
consistent Q.M.
calculation

Plus radial one-

electron functions:

Pnl(r) = I'R,,,(I')

Sensensd PoraunaL «BIwdhNG ENBRCIES

(eV, Lo & SCALE)

Ep(ys)= YoV
(“q,z ¢.SeV)

EyQd)= %oeV ALENCE
(E3q=13.4 €V)
w3 Vaté o E‘;‘ﬁ’
3 = Scagenen ATemic PoTENTIL  (opE

En(3p)s 1626V

Ep(3s)= 12.5eV
(~€35=13¢.3eV)

EFrgcrive POTENTIAL % BADIAL
WAVE BUNETIONS OF ATOMIC. CoPPER
% Puglr) 2 Ryglr)ev
A ivh Eylap)= V2.3 ¢V

2p°" (~23p = 02.2.€V)

Cw 15* 25 25"

Ey(23)= 1,017 6V 3s*3P 3 oust
Paglr) (=2 = 923 &V) S=Y L=0
\ng‘s‘
COPPER
Byt Eglisl =81V W=N DISTANCE

(~gg=9,9v3 &V)

r [} ) L] M ] P ] i
08 ¢0 4.5 20 28§ 30 335 4o 4§ SoO
“RADILS v (Bohv=0.529R)




CARBON

(a) ; "
Occupied Orbitals

P.(r)

0

The one-electron

wave functions P,,(r)and
P, ,..(r) for 2p emission
from Carbon

“//4~—Bond lengths

Continuum Orbitals, 2p Emission

(b) SN hvE21.2 6V
/ \Y

P . (r)of—F

RADIAL MATRIX ELEMENTS
TO 7+ 717=s and d CHANNELS:

R.w(E')= Ry, (NYR.  , ()ridr
0

s

Radial Wave function (Arbitrary Units) —
=
(=)

= J‘ P, (r)P,, _, (r)dr
0

N abyrs L ¢ PHASE SHIFT
.+, DIFFERENCE

hy=1486.6 eV
.

(e) |2 .
HEHEEEEEEEEEE
...................
AL R LS L L L TR A LR A
i 1
TRV LT

AN
Ll

...........
AR IR I LA
IR IRIR IR IR B IHIH IR RIS
.............

i 21K
||||||||||||||||
!

“Basic Concepts of XPS” e BBprwn b
Figure 9 = Rodli?(Bobr)—o o



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

GRAPH I. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, 1 < Z < 103
See page 6 for Explanation of Graphs
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Graphite - NEXAFS
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Ethane: C 1s NEXAFS
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COMPARISON OF SCANNED-ENERGY PD
TO EXTENDED X-RAY ABSORPTION FINE STRUCTURE
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Figure 1.1. The x-ray absorption coefficient for the K-edge of copper metal.
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J.J. YEH and . LINDAU Subshell Photoionization Cross Sections

GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, | = Z < 103

See page 6 for Explanation of Graphs
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J.J. YEH and I. LINDAU S P ik

GRAPH I. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, | = Z < 103
See page 6 for Explanation of Graphs
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J. ). YEH and |. LINDAU Subshell Photoionization Cross Secti

GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, | € Z < 103

See page 6 for Explanation of Graphs
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COOPER MINIMUM IN Ag 4d (Z = 47) CROSS SECTION : Expt. & Theory
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FIG. 5. Partial photoionization cross section for 4d electrons
of Ag in logarithmic scale. Our cxperimental data for the Ag/Si
interface (squares) are compared with the Hartree-Fock results
for atomic Ag by Yeh and Lindau (solid line). Note that our ex-
perimental data are normalized at the minimum to the theoreti-
cal value.
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FIG. 6. Asymmetry parameter for 4d electrons of Ag. Our
eaperimental Jdata for the Ag/Si interface (squares) are com-
pared with the data for atomic Ag (circles), the RRPA predic-
tion for atomic Pd by Radojevic and Johnson (solid line, veloci-
ty form; short-dashed line, length form), and the HS calcula-
tions for atomic Ag by Manson (long-dashed line).

M. Ardehali et al., Phys. Rev. B 39, 8107 (1989)
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J.J. YEH and L. LINDAU Subshell Photoionization Cross Secti

COOPER MlNIMUM IN In 4d (z - 49) GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, 1 < Z < 103
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An additional many-elecron effect: Resonant photoemission

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

ATOMIC. % NUCLEAR PATA TABLES 32, 4S (19¢8)

GRAPH 1. Atomic Subzhell Photoionization Cross Sections for 0-1500 eV, 1 € Z=< 103
See page 6 for Explanation of Graphs
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Single-atom resonant photoemission:
Ex. — Mn atom: Mn3d emission, resonance with Mn3p
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SINGLE-ATOM } HOTOELECTRON SPECTROMETRY OF MANGANESE VAPOR . . . 1318
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SrTiO; and La, 4,Sry 33MNO5 band structures and DOS
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Resonant Photoemission—La, .

Valence spectrum
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

X-=rays 1
Y
PENETRATE
DEerLvy
3 ‘A) 3-STEP MoDEL
(~10-10 oe
- = XCITATION |
+8,,=96, /< ‘
UNLESS
. X g @ ™RansPRT To SuRE
Ot voLung
>/ 4= INECASTIC A
or kv By W0 £ ELASTIC SCATTERING:
< g
CORE ABIAPTION THRESNOLD ®) Q@', DIFFRACTION
“ic. ow iy iced spectrometer geometry for calculating angular-depandent
¢t L lron peak inwensit.es, with various important parameters anhd
vario -s Ind.cated. @ ‘scn)g FRrRom ,U‘F.:

ELASTIC ScaTTER NG
@) DIPPRACTION, §,.'s

Vo & nerracnon: s 66



Electron inelastic mean free paths for 41 elements-theory
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Inelastic mean free paths in solids

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

A~ A=
EXBIn(38) - (C1 E)+ (DI E*)]
where
§ = -0.10 + 0.944i(E;+ E2)""* + 0,069

and E | = 28.8 (N,p/M)"? is the free-electron
plasmon energy (in eV), p is the density (in g
cm3), N, is the number of valence electrons
per atom (for an element) or molecule (for a
compound), M is the atomic or molecular
weight, and E, is the bandgap energy (in
eV). These equations are collectively known
as the TPP-2M equation.

y = 0191770

= 191 - 09lE

D = 534 - 208U

Tanuma, Powell, Penn, Surf. Interfac%gAnal.
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Inelastic mean free paths for many materials

Downloadable program:

http://www.quases.com/products/quases-imfp-tpp2m/

5 QUASES - IMFP calculation by TPP2M formula

Show Information

IMFP calculated from Tanuma, Powell, Penn formula: TPP2M

mn Rec: 1 of 5?

Name [H
Electron energy (eV) 1000 :i Name ID
- » H 1
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Delete Material | [ ~ s
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-

QUASES-IMFP-TPP2ZM

Inelastic electron mean free path
calculated from the Tanuma, Powell, and
Penn TPP2ZM formula in

S. Tanuma, C. J. Powell, D. R. Pann:
Surf. Interf. Anal.,.Vol. 21, 165 (1994)

Code written by Sven Tougaard.
Copyright (c) 2000-2010 Quases-
Tougaard Inc.

Free to use for non-commercial
applications.

Users' Guide | Accuracy |
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CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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Switching from bulk to surface sensitivity

for lower electron takeoff angles

Simplest interpretation:
Average emission depth = A, .1.cicSiNOtakeoft
How valid?

E,.. ~ 500-1000 eV

E.g.: A. Jablonski and C. J. Powell,

J. Vac. Sci. Tech. A 21, 274 (2003),

Plus a general program for modeling of
arbitrary multilayer structures and
concentration gradients (without V,), but with
Monte Carlo elastic scattering:

Prof. Wolfgang Werner, TU Vienna,

http://www.iap.tuwien.ac.at/~WERNER/SESSA.
htmix
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EFFECTS OF
ELASTIC
SCATTERING ON
ANGULAR
DISTRIBUTIONS:
POLYCRYSTALLINE
OR AMORPHOUS
SAMPLE

FORMALISM AND PARAMETERS FOR QUANTITATIVE SURFACE ANALYSIS
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Surface sensitivity enhancement for grazing exit angles
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Fig. 5. I1lustration 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 e Awls) ot MO0 eV

B MeomDepth  No. layers .. BEST QUANTITATIVE
P ANALYSIS FOR RANGE
@ " ©
| 28k - 20-30° < 0 < 90°
"Sursacg—> 10° ~443 ~4.5

oo BUT REERATNON AT SURPACE AND
ELASTAC SCATTEAUMNG CAN NREP Uck .
SURPACE ENHANCEHENT, ESP, AT LOW @ £ 30 1



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

- The SESSA
program

calculates this for
arbitrary multilayer
samples, but
neglecting

x-ray optics and
electron refraction
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The SESSA program for XPS simulations

https://drive.google.com/drive/folders/OB-Vel -nROIxaME41T2dEb1d2MFk?usp=sharing

@ SESSA V2.0 - Simulation of Electron Spectra for Surface Analysis l —

Project Sample Experiment Model Database Help

S BEPpLQEao@my

Sample Peaks Parameters Source Configuration Spectrometer Simulation Plot Database Manual
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CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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Electron Refraction at the Surface Due to the Inner Potential

V.
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Fig. 14. Calculation of electron refraction effects for different

electron kinetic energies and a typical Vo val
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(From ref. (5).)

ue of 15eV. The degree
' (internal) — 6 (external)
lection are also shown.

76



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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tomme Scaltenng Fadtor

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

X - RBay Taternactions with Matter

Contents

@ Introduction
@ Access the atomic scattering factor files.
@ Look up x-ray properties of the elements.
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@ X-ray transmission
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@ X-ray reflectivity
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@ The diffraction efficiency of a transmission grating.
@ Related calculations:
® Synchrotron bend magnet radiation.

newi What's New?

Other x-ray web resources.

These pages wilize JavaScripr, but the decaffeinated versions are still available
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X-ray Optical Effects

in Photoemission:
The Beginning

B.L. Henke, Phys. Rev. A 6, 94 (1972)

Enhanced surface sensitivity as critical

angle approached

-Effects on average depth and intensity
in photoemission (x-ray emission also)

*Determination of optical constants
from data
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X-ray Optical Effects
in Photoemission:

Reduced inelastic
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