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Photoelectron spectroscopy = Photoemission: The Basic Elements
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10:30

09:00 Surfaces, Interfaces & Photoelectron Spectroscopy 01h30

A. Goldoni
Sincrotrone Trieste

10:30 grepk 20
1:00

11:00 pgpes 01030
12:30

A. Goldoni
Sincrotrone Trieste

12:30 | ynCH BREAK 01h30°
14:00

:‘;gg Inelastic X-ray Scattering: principles and application 01h30

F. Bencivenga
Sincrotrone Trieste

15:30 greak 20
16:00

16
17:00

500 Electronic structure and atomistic computations for the interpretation of synchrotron experiments 01h00

N. Binggeli
ICTP

Monday, 26 March 2012

Room: Adriatico Guest House Giambiaqi Lecture Hall

sggg Photoelectron Diffraction and holography 01030

Charles 5. Fadley
Univ. of California Davis & LBNL (USA)

10:30 grepk 20
11:00

:122% Core Level shifts, splitting and dichroism 01h30

Charles 5. Fadley
Univ. of California Davis & LBNL (USA)

12:30 | ynCH BREAK 01h30°
14:00

:;gg Low density matter: spectroscopy and scattering

01h30

M. Simon
University Pierre et Marie Curie, France

15:30 greak 20
16:00

:?gg Low-density matter: ultrafast dynamics 01h00

M. Simon
University Pierre et Marie Curie, France

:;gg Theoretical spectroscopy of gas-phase systems

01h30

P. Decleva
University of Trieste




Link to archive of longer set of lectures in 2010, plus guides to use of SESSA and EDAC simulation
programs:
http://www.yousendit.com/download/M3Btb2VDeFU3NORFdzhUQw

General references on various aspects of photoelectron spectroscopy, diffraction, holography (available
at School website and/or Fadley group website: http://www.physics.ucdavis.edu/fadleygroup!/ :

Paper [1] "Basic Concepts of X-ray Photoelectron Spectroscopy", C.S.F, in Electron Spectroscopy,
Theory, Technigues, and Applications, Brundle and Baker, Eds. (Pergamon Press, 1978) Vol. Il, Ch. 1.

Paper [2] “Atomic-Level Characterization of Materials with Core- and Valence-Level Photoemission:
Basic Phenomena and Future Directions”, C.S. Fadley, Surf. Interface Anal. 2008, 40, 1579-1605.

Paper [3] “X-ray photoelectron spectroscopy: Progress and perspectives”
C.S. Fadley, Journal of Electron Spectroscopy and Related Phenomena 178-179 (2010) 2-32

Key Reference: “X-ray Data Booklet”, Center for X-Ray Optics and the Advanced Light Source, LBNL,
January, 2001, available online at: http://xdb.Ibl.gov/

Additional very useful websites:

X-ray optical calculations: reflectivities, penetration depths for a variety of mirror/surface geometries—
http://www-cxro.Ibl.gov/optical constants/

General properties of the elements and their compounds: http://www.webelements.com

Simulation of photoelectron and Auger spectra with program SESSA: See “SESSA: A Brief Manual”,
with download instructions, etc.

Simulation of x-ray photoelectron diffraction (XPD) with program EDAC: See guide example calculation
for CO on Fe.
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H! et
Periodic Table, with the Outer Electron Configurations of Neutral
1s Atoms in Their Ground States 1s
Li’ Be' | The notation used to describe the electronic configuration of atoms | B> JC° N’ o° i Ne'
and ions is discussed in all textbooks of introductory atomic physics.
, The letters s, p, d, . . . signify electrons having orbital angular , N .
2s 2s momentum 0, 1, 2, . . . in units h; the number to the lcﬁ of the | 25°2p | 25°2p® [25*2p° | 2522p*| 25°2p°| 25*2p°
Na'' | Mg letter denotes the principal quantum number of one orbit, and the Ais Isivt |prs g6 ci’ A
superscript to the right denotes the number of electrons in the orbit.
3s 3s® 3s?3p |3s*3p? | 3s*3p?*|3s*3p* | 35*3p°®| 3s*3p*
Kl9 cazo sc'll Ti22 V23 Cr‘l-l Mn25 Fezu Co27 Ni28 Cu29 Zn.'l() ) Gafll Ge32 As33 Se34 Br35 Krlb
3d 3d* | 3% | 3d® | 3d® |3d¢ | 3d7 | 3d® | 3d" | 3d"
4s 4s? 4s* 4s* | 4s* | 4s 45 452 | 4s* 4s* | 4s 4s* | 4s*4p [4s*4p* | 4s*4p®|45*4p* | 4s*4p° | 4s°4p®
Rb.’” sr'm Ygg Zr-ﬂ) Nb4l M°42 Tc-i.'l Ru44 Rh4.') Pd46 Ag47 chQX ln-|9 Sn50 Sbsl Te52 |53 Xe54
4d 4d? | 4d* | 4d® 4ds 4d’ 4d* 4d™ | 4d" | 4d"
5s 5¢* 5¢2 | 5s* | 5s 5s 5s 5s 5s - 5s | 55 | 55°5p | 55°5p?| 5s*5p* | 55*5p* | 5s25p° | 5525
Cs> | Ba* | La> | Hf2 | Ta™ | W | Re™ | Os™ | Ir”” Pt™ | Au™ | Hg* | TI** |Pb*> |Bi®® |Po% |At*> |Rn®
4f‘l'l
5d 3d* | 5d® | 5d* | 5d°> |5d¢ |5d° | 5d° | 54" | 5d°
6s 6s* 6s* 6s* | 65 | 6s* | 6s® 6s? - 6s 6s 6s> | 65°6p | 65°6p*|65*6p° | 65°6p*|656p° | 65°6p*
Fr#” | Ra*® | Ac*
Ce58 Pr59 Nd60 Pmﬁl Sm52 EUGS Gd(M Tb65 Dyﬁﬁ H°67 Erﬁs Tm69 Yb70 Lu71
6(1 4f2 4f3 4f4 4f5 4f6 4f7 4f7 4f8 4f10 4f11 4fl2 4fl3 4f14 4fl4
7s T8 7s? 5d 5d 5d
6s*> | 65> | 65> |65 |65 |65 6s> | 65> | 65 | 6s® |65z |65 |6s2 6s*
Th90 pagl U92 Np93 Pu94 Am95 Cmgﬁ Bk97 Cf98 Es99 leOO Mdl()l N0102 Lr103

- s s |5 |5 |57 |5
6d? | 6d 6d 6d
7s? 7s? 7s? 7s? 7s? 75> 7s?




Table 3 Crystal structures of the elements

H! a He* 2«
: The data given are at room temperature for the most common form, or at :
hep : e hep-
3,75 the stated temperature in deg K. For further descriptions of the elements yr
; 6:12 see Wyckoff, Vol. 1, Chap. 2. Structures labeled complex are described 5:83
there.
Li 7sx | Be R B C N 20k § O F Ne 4k
bec hcp 5 rhomb. § diamond J cubic  § complex fce
3491 | 2.27 3.567 |5.66 | (0, 4.46
3.59 (N,) |
Na sk | Mg Al Si P S Ci Ar 4K
bce hep Crystal structure. fce diamond § complex § complex § complex § fcc
4.225 | 3.21 a lattice parameter, in A 4,05 [5.430 (Cl,) }531
521 | « : ¢ lattice parameter, in A, ——
== = e
Ksk | Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 4k
bee fee hep hep bcc { bee cubic bee hep fce fce hep complex § diamond § rhomb. § hex. complex § fcc
5.225 | 5.58 3:31 2.95 3.03 2.88 complex § 2.87 2:51 3.52 3.61 2.66 5.658 chains § (Br,) [ 5.64
‘ 5.27 | 4.68 4.07 4.95
Y
Rb sk | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn () Sb Te I Xe 4K
bce fee hep hcp bcc | bcc hep hcp fce fecc.  §fec hcp tetr. diamond § rhomb,  § hex. complex § fcc
5.585 | 6.08 3.65 3.23 3.30 3.15 2.74 2.71 3.80 3.89 [4.09 2.98 3.25 6.49 chains () 6.13
573 ¥515 A ‘ 440 §4.28 l 5.62 14.95
Cs sk | Ba La Hf Ta W Re Os Ir Pt Au Hg |TI Pb Bi Po At Rn
bce bce hex. hcp bee bee hep hep  ffee ¥ fce rhomb. § hcp  ffcc rhomb. §sc
6.045 |5.02 3:77 3.19 3.30 [3.16 2.76 2.74 3.84 3.92 4.08 3.46 4.95 3.34 — —
ABAC §5.05 446 (§4.32 5.52
H
Fr Ra Ac
fec Ce Pr | Nd Pm |Sm |Eu Gd |Tb Dy Ho |Er Tm |Yb Lu
e i 5.31 fce hex. hex. complex § bce hcp hcp hep hcp hep hcp fcc hcp
5.16 3.67 3.66 - 4.58 3.63 3.60 3.59 3.58 | 3.56 3.54 5.48 3.50
ABAC 41578 1570 1565 1562 15859 §556 5.55
et i . il - |
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
fce tetr. complex § complex § complex § hex. _
5.08 | 3.92 364 |— — — —_ — — — —
3.24 ~ laBAC
(e




H ik Table 4 Density and atomic concentration W o
0.088 The data are given at atmospheric pressure and room temperature, or at the 0.205
stated temperature in deg K. (Crystal modifications as for Table 3. ) at 37atm)
Li 78« | Be Atomic radius B c N2k | O F Ne 4k
0.542 | 1.82 — 247 3.516 §1.03 1.51
4700 121 | = Tmr Average surface 130 [176 4.36
3.023 § 2.22 = - i itv = ~ 2/3 1.54 144 ]3.16
| 0.5 n-n dist. density = ps= (py) :
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1.013 § 1.74 Density in g cm™3 (103kg m™3) 270 1233 2.03 1.77
2.652 | 4.30 Concentration in 1022 cm™3 (1028 m™3) 6.02 |5.00 2.66
3.659 | 3.20 Nearest-neighbor distance, in A (1071%m) 286 1235 2.02 |}3.76
Ksk | Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Brizskj Kr 4k
0.910 § 1.53 299 |4.51 6.09 7.19 7.47 7.87 | 8.9 8.91 8.93 7:13 5.91 5.32 5.77 4.81 4.05 3.09
1.402 | 2.30 4.27 5.66 722 8.33 8.18 | 8.50 8.97 9.14 8.45 6.55 5.10 4.42 4.65 3.67 2.36 2.17
4.525 § 3.95 325 2.89 2.62 2.50 2.24 2.48 2.50 2.49 2.56 2.66 2.44 2.45 3.16 2.32 4.00
Rb sk | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe 4k
1.629  2.58 4.48 6.51 8.58 10.22 | 11.50 § 12.36 | 12.42 § 12.00 § 10.50 § 8.65 7.29 5.76 6.69 6.25 495 3.78
1.148 | 1.78 3.02 4.29 5.56 6.42 7.04 7.36 7.26 6.80 5.85 |4.64 3.83 2.91 3:31 2.94 2.36 1.64
4.837 | 4.30 3.55 3.17 2.86 2.72 271 2.65 2.69 2.75 289 }2.98 3.25 2.81 2.91 2.86 3.54 4.34
Cs sk | Ba La Hf Ta w Re Os Ir Pt Au Hg227§ Ti Pb Bi Po At Rn
1.997 | 3.59 6.17 13.20 § 16.66 | 19.25 | 21.03 | 22.58 | 22.55 § 21.47 | 19.28 | 14.26 | 11.87 §} 11.34 | 9.80 9.31
0.905 | 1.60 2.70 4.52 5.55 6.30 6.80 7.14 7.06 6.62 590 |4.26 3.50 3.30 2.82 2.67 — —
°5.235 | 4.35 3.73 313 2.86 2.74 2.74 2.68 2.71 277 2.88 3.01 3.46 3,50 3.07 3.34 .
Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
=3 T 2.66 6.77 |6.78 |7.00 754 |525 |7.89 |827 |853 880 [9.04 932 |697 o84
3.76 291 292 |293 [— 303 J204 302 |322 |317 322 |326 ]|332 |3.02 }|3.39
365 E3.63 {366 359 1396 1358 1352 351 349 |347 ]354 388 }343
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
11.72 § 15.37 § 19.05 § 20.45 | 19.81 | 11.87
3.04 }4.01 4.80 5.20 | 4.26 2.96 — — — — — — — —
360 §321 275 1262 131 3.61
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Table 1 Debye temperature and thermal conductivity?

S

e

T h—

Thermal conductivity at 300 K, in W em™'K

S

Cl

Ca

Ti

Y

Cr

Mn

Fe

Co

Ni

Cu

As

Br

Kr

“Most of the @ values were supplied by N. Pearlman; references are given the A.I.P. Handbook, 3rd ed; the thermal conductivity values are from R. W.

Cs Ba La g | Hf Ta w Re Os Ir Pt Bi Po At Rn
2 |22 |20 faco Jazo |50 420 |es0 Ao e
0 36 0.14 | 0.23 0.58 12 74 0.48 0 88 1 47 0. 72 0 08
Fr Ra Ac
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Powell and Y. S. Touloukian, Science 181, 999 (1973).




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

The energies are given in eV relative to the vacuum level for the rare gases and for
H,, N,, O,, F,, and Cl,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

tlgrlfron IC
= 'I1'I-I.'l1'_l.l
co on

152

152 25

152 252
152252 2p
152 252 2p2
152 252 2p3
152 252 2p4
152 252 2p5
152 252 26
{Ne] 3»

{Ne] 352
[Ne] 352 3p
[Ne) 3523p2
[Nel 3s23p3
[Nej 352 3p4
[Ne} 3s23p°
[Ne} 352 3p8
[Ar] ds
[Ar) 452

K 1= L.y 1= L3 2pyna L3 2pys My 3s My dpyr My 3pyn
| H 13.6
2 He 24 6% : :
3 Li 54.7% \ MISSIﬂg
4 Be 111.5% Valence
5B | 5=
- 15405 Valence levels B.E.s
7N 400 0% 37.3% - ~
80 543.1% 41.6% ~1g ~1g Interpolated,
0 F 675 [z — — extrapolated
10 Ne §70.2% 48.5% 21.7% 216
11 Na 107084 63.54 30.65 30.81 \
12 Mg 1 303.0¢ 88.7 40.78 49.50
13 Al 15506 117.8 72.95 s
14 Si 1830 140.7%h 00,82 00,42
15 P 2145.5 | 8o |35 135% Valence levels
16 8 2472 230.9 163.6% |62.5%
17 C1 2822 4 270% 202% 200%
18 Ar 205.0%  326.3% 250 6+ 248 4% 20.3% 15.9% |5.7%
19 K G084 ITRGE 207 3% 204 5 14 8% 18.3% 18.3%
20 Ca 4008.5% 43844 340,74 346.24 443 ¢ 25.4% 25 4%
21 Se 44072 408 0 403.6% 108, 7+ 51.1% 78,34 78.3%
22 Ti 4966 S60.04 460.2% 453,84 5874 3264 1264



Adding relativity to the Hamiltonian—spin-orbit coupling

- ® SPIN-ORBIT SPLITTING OF LEVELS:
Sy o- —_—
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OR WIGNER 3j SYMBOLS




Some SPIN-0-BIT SPLTTNGS: (v eV )
2 —Zz13(A)  28(N¢) 96 (Pa)

"— \ “ 0.4 7.8 157.0
sz ZPS/; ) ) '
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dq uﬁ 0.1 6% 32.3
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The Photoelectric Effect Einstein, 1905

Light can behave Mke a Particle!

// . . .
Eiinetic » dlrection, spin

hy= Einitial - Efinal = Ebinding+ Ekinetic



>Basic Concepts and Experiments

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 Spatial Resolution/Photoelectron Microscopy
Temporal Resolution
@ Higher Pressures



The Soft X-Ray Spectroscopies
Core PE

Valence PE | 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.



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

e Photoelectron spectroscopv/photoemiss.ion:V o (free)

h
- — = =Vacuum
| oc ‘é ° <¢f (1)|F|¢i (1)>‘2)% - _(Eo_u\r/% uum
[
\Y;

@(bound) p

e Near-edge x-ray absorption:
| oc ‘é ¢ <¢f (1) | F|¢i (1)>‘2

@(bound)



Variation of
Near-Edge X-Ray
Absorption Fine
Structure

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

J. Stohr, “NEXAFS
Spectroscopy”

o co P~ o (=] -2
L) L)

i

Absorption Cross Section (Mb)

o

I ' ! ' 1

LL_H‘

N
(=

750 800 850 900 950
Photon Energy (eV)

4 ATOM
o 3.5:SOLID

MU B S

=
o ™7

1 2 3 4
Number of d-holes



Normalized Electron Yield

Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)

Ferromagnetic cobalt with magnetization
along incident light direction

5.0 I | L3 L RCP i
40 r -
3.0 : .'E’LCPLz :
ol ]
0.0 — J¥L3 | ILzl j
760 780 800

Photon Energy (eV)

Intensity Difference

! I ! |

0.50 ]

0.00 —— " =/f
~0.50
-1.00
~1.50
-200F

760 780 800
Photon Energy (eV)

=->Sum rules yield spin and
orbital magnetic moments
on a given atom

!

LI S S I L
L 1t 1t 1 3.3 3

A

1




Variation of Near-Edge X-Ray Absorption Fine
Structure (NEXAFS) for Different Polymers

C 1s>1m*
=C C 1sH>m*_g
B a8
PMMA
15 =4
PS
10 -1
5 -
gl " ccmSunim R
Y e —

280 290 300 310

Photon Eﬂergy (eV) H. Ade, X-ray Microscopy 99,
AIP Conf. Proc. 507, p.197




Skl The Soft X-Ray Spectroscopies

surface P
sensitive, 7

Valence 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 scattering



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

e Photoelectron spectroscopv/photoemiss.ion:V o (free)

h
- — = =Vacuum
| oc ‘é ° <¢f (1)|F|¢i (1)>‘2)% - _(Eo_u\r/% uum
[
\Y;

@(bound) p

e Near-edge x-ray absorption:
| oc ‘é ¢ <¢f (1) | F|¢i (1)>‘2

e Auger electron emission:
2 Direct » Exchange

(0 (D0, | 0: VP, (2) - (0,Dp, ()| | 0: V0. (D)

12 12

2 Vacuum - =

(01.



TYPICAL PHOTOELECTRON SPECTRA: OXIDIZED

ALUMINUM

I I T I 0 T I I I I
Z hos gL eV
g 150k (- Ols -
“ v
A Cls Al2s
S L Alep A very useful diagnotic
. " S———al Val observation:

860 760 600 500 400 300/200 O Auger k|net|C energles dO

«— Binding Energy (eVL -

KA not change with photon

j T - 8 Pd
500 600 700 800 900 1000 1100 1200 1300 MOO 1500 ener g y

Kinetic Energy (eV) —s . .
I N : Photoelectron kinetic
™ g K | energies shift linearly with
il |
S, - i ; — photon energy
80k HEMICAL 1
?:.Z;:l "// Swirr
/, Al2p,
Gy aNELASTIC Metal Valence )
I Plasmons
;240k
3
(8]
20k
0 ! ! ! !
180 160 140 120 100 80 60 0
«— Binding E .
; ; : : ' " ":9 n":" (ev)' : F_ “Basic Concepts of XPS”
1320 1360 1400 1440 1480 Figure 1

Kinetic Energy (eV) —=



N core = N 1s2 = N5+

152=.2¢
THE AUGER PROCESS (je
| TwWoO - STEP PRLCESS. eVY |

TwWo - HeLE FINAL B ﬁ?f*";:f; with
STATE. N 1s hole = N6+ =
NO STRONG SELEC. s ) ,
oy RULES. ceV 1s'=-1e 15°=-2e
£p qf/f/ve COMPLEX SPECT&A.* e.JAuger .T'E' Te (.-l-je
cece ‘ |
- = O%* core
————————————————— -------2--------- Vacuum — — — - 5 _
. The equivalent core or Z+1
1 . .
Valence €5 apprOX|mat|onT
. v ' €
& negative " |
' corE & DoksS NeT
@ K.E. ~—€5+€3 "'61“"‘“‘ oN h'!
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K.E. ~ B.E.5Z = B.E.3Z+l' B.E.lz
Core } g- ~ B.E.SZ = B.E.3Z = B.E.lz+l
~ (average of two above)

Figure 2. Scheme of the Auger process. A valence-level involved Auger emission
is illustrated here, but the two electrons involved also could have come from core
level, ¢;, provided es — 2¢; > 0.
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X-Ray Data Booklet--Section 1.1 ELECTRON BINDING ENERGIES

The energies are given in eV relative to the vacuum level for the rare gases and for
H,, N,, O,, F,, and Cl,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

Electronic
configuration
1s

152

152 25

152 252
152252 2p
152 252 2p2
152 252 2p3
152 252 2p4
152 252 2p5
152 252 26
{Ne] 3»

{Ne] 352
[Ne] 352 3p
[Ne) 3523p2
[Nel 3s23p3
[Nej 352 3p4
[Ne} 3s23p°
[Ne} 352 3p8
[Ar] ds
[Ar) 452

Element Kls L 2s Ly 2pyr L3 Ipsps My 3y M; 3pyz Ms dpas

| H 13.6

2 He 24.6% ' -
3 Li 54.7% \ MISSIﬂg
4 Be 111.5% Valence
5B |88 *

- 15405 Valence levels B.E.s
7N 409.0% 37.3% - ~

80 543.1% 41.6% ~1g ~1g Interpolated,

0 F 675 [z — — extrapolated

10 Ne §70.2% 48.5% 21.7% 21.6%

11 Na | 070,84 63.5¢ 30.65 30,81 \

12 Mg | 303.0¢ 88,7 49.78 49.50

13 Al 15506 117.8 72.95 s

14 Si 1830 149.7#h 99,82 00,42

15 P 2145.5 | 50* 1365 135% Valence levels

16 & 2472 2300 163.6% 162,53

17 Cl 2822.4 270% 202% 200%

18 Ar A2050%  3263% 2506+ 248 4% 20.3% |5.0% |5.7%

10 K AG08.4F  3TRGE 207.3% 204, 5% 14.8* 15.3% 15.3%
20 Ca 4008.55 43844 349.7¢ 346.24 443 ¥ 25.44 2544

21 Sc 4492 408.0% 403.6% 108, 7# 51.1% 28.3% 28.3%
22 Ti 4066 S60.04 460.2% 453.8¢ 5874 3264 2.6+



Skl The Soft X-Ray Spectroscopies

surface P
sensitive, 7

Valence PE | e

Al
—y
~-_-—
—y
—y

Core PE
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...............................................................................................................................

..................................................................................................................

‘———’

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 scattering
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Figure 2. Scheme of the Auger process. A valence-level involved Auger emission
is illustrated here, but the two electrons involved also could have come from core
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT

e Photoelectron spectroscopv/photoemiss.ion:V o (free)

h
- — = =Vacuum
| oc ‘é ° <¢f (1)|F|¢i (1)>‘2)% - _(Eo_u\r/l% uum
[
\Y;

@(bound) p

e Near-edge x-ray absorption:
| oc ‘é ¢ <¢f (1) | F|¢i (1)>‘2

e Auger electron emission:

s Direct o2 Exchange 2 Vacuum -
||, W9, —0:(D0,(2) ~ (2. (Do, ()] —|: Ve, (2)) ¥
12 12
Vacuum - - - - -
o X-ray emission: B , 9 P,
Ioc|@ e (p,(D|F|g, (1)




1.3 FLUORESCENCE YIELDS FOR K AND [ SHELLS

Jeﬁ'rey B. Kom-zght

Fluorescence yields for the X and L shells for the elements 5 <
Z < 110 are plotted in Fig. 1-2; the data are based on Ref. 1.
These yields represent the probability of a core hole in the K or
L shells being filled by a radiative process, in competition with
nonradiative processes. Auger processes are the only nonradia-
tive processes competing with fluorescence for the X shell and

If fluorescence yield =FY

FY = probability of radiative 3
decay — x-ray emission) 3

2
1 - FY = probability of non-radiative g
decay — Auger electron emission &

Fig. 1-2. Fluorescence yields for K and L shells fo ~

1.0

09

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

K-shell

- L-shell
(average)

0 20 40 60 80 100

Atomic numbaer

110. The plotted curve for the L shell rep
average of Lj, L3, and L3 effective yields

120

“X-Ray Data Booklet”
Section 1.3



COUNTS PER CHANNEL
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“Basic Concepts of XPS”
Figure 2



SLENE The Soft X-Ray Spectroscopies [ilichiems
surface “bulk”,

s
sensitive, 7 deeper
Valence PE Core PE _ - interfaces

“
b
== =

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



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

Vacuum — — — — -
» X-ray emission: _ _ , @
[ oc ‘e . <§Df(1)‘r ‘ P; (1)>‘
Ps
Vacuum = = = = =
e Resonant inelastic x-ray scattering: hv éinc

le(N) éemi.Fle(N) lI’m(N) é‘inc.l:»\Fi(N) 2 %
'OCZ;< | ¥ (N)) (¥ (N) € o] >‘

hv+E (N)—E_(N)=iT.

x 8(hv —(E,,(N)—E,(N))) \ ¥, (N)
2r .t t

Nm(t ) = Nm(O)e_ ﬁm — Nm(O)e_Tlifetime




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 2p3/2 |
e I X-ray
MnO | ?’5?.. de !Ol/: absorption
o — e s S spectroscopy
M L ~100ev Energy [eV] (XAS) 1
M 716 eV
NON-RESONANT T el e e - -

[ RESONANT BLASTIC), | l 1 1
' p | .
a =hv;,,
ll‘}]]TTll]lT—ITIIIIIIIITII]III|lllllll‘l[llll]llll]ll]l'l ‘
620 630 640 650 660 670 |
Photon Energy [eV] *
=hv, Butorin et al., Phys. Rev.

B 54, 4405 (’96)
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1 AJ =0,+1

y—L3=2p3

Lo =2p 1)

L1=2s,),

See Section
1.2 in “X-Ray
Data Booklet”

K1 :1S

X-Ray N3 -
oL
Nomenclature +‘
(from “X-Ray M;‘ — = =+
Data Booklet”)
ay o PBy|B21s €
In general: ba Br B2
e = S =
00Nl g
K
Olo Oq
YYYY W
Fig, 1-1. Transitions that give rise to the emission lines in

Table 1-3.



Basic energetics

Vacuum Fermi
hv = Ebinding + Ekinetic . Ebinding + (pspectrometer

+E

kinetic

One-Electron Picture of Photoemission from a Surface

f ol .-‘f ol f i, ~Af—b

! —® (T)=exp ik T )—-r—¢ (F)=exp (K -r)T—

~ Free e /‘, nside

_ ) . Inelastic scattering: _>: B Before entry Eyi analyzer
Inside E, hy exp(-LIAD) : l to analyzer l

in,l
solid _F’—/ I¢s: ? /ﬁgpectror}eter
Valence | E F/’/’/’/,'/‘/’/‘///‘/’/’/’/‘//‘//77_27777 é
Levels Eb(k)—ﬂﬁk(?)wr (T )explik 1)
(Bloch-
Like) Core
Levels
(Atomic-
Like)

V,=inner potential

¥

Solid Surface Vacuum



Surface sensitivity and why we may want to go to 5-10 keV in XPS

>TPP-2M

o
w

o
N

| 41 Elemental Solids: Optical theory,

Al “Bulklike”,
f.r:"' uried layers &
M interfaces

> ]

o . ]

% (D

::£HM'z*;r;ﬁﬂHW" <
.ssggg!gi;;i“imim;m.a

Inelastic Mean Free Path (A)

>
Typical XPS
—

cal valence ARPES,

HAXPES, HXPS

And IMFP for gases: N,, e @ 500 eV
1atm ~ 0.003 mm =3 microns
20 torr ~ 0.1 mm = 100 microns
| 1torr ~2mm

oL Typi .
10 1 2 3

10 10 10
Electron Energy (eV)

10%

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



The Advanced Light Source
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One of 40->50 synchrotron radiation facilities in the world




Inside a synchrotron

=/

Experiment
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' o N
44 2 -
0
it >

radiation source

) Electron
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EXPERIMENTAL STATION:
MULTI-TECHNIQUE

SPECTROMETER/
DIFFRACTOMETER (MTSD)

| ’ Sample prep.
: \) «g»

Scienta , chamber: LEED,
electron \\\“ Ry RN G\ Knudsen cells,

spectrometer = “J M o o 0 & L, electromagnet,...
(hidden) § 'S : ‘ A\ A\

ALS

BL 9.3.1 .
Scienta

hv = 2-5 keV soft x-ray

. Spectrometer

Permits using all relevant soft and hard X-ray spectroscoples on a single sample:
PS, PD, PH; XAS (e or photon detection), XES/RIXS, with MCD, MLD



| Multi-Technique

i Spectrometer/

sample /7 | \\l | lefractometer
manlpulator f |

. Sample prep.
“_chamber: LEED,

"Knudsen cells, QCM
electromagnet

Pm—

Loadlock
for sample
introduction

Soft x-ray 5 I “SW.- Electron
spectrometer: SEam A LN = d spectrometer:
Scienta g Scienta SES 200
XES 300 =

—Chamberf
e rottion



Hard X-Ray Photoemission (HXPS, HAXPES, HX-PES, HIKE...) in the World

Past workshops:
HAXPESO3, ESRF--Nucl. Inst. and Meth. A, Volume 547, Issue 1, Pages 1-238 (2005)
HAXPESO06, SPring8-- http://haxpes2006.spring8.or.jp/program.html

HAXPES-ALS User Meeting-- http://ssg.als.lbl.gov/ssgdirectory/fedorov/workshops/index.html

HAXPESQ09-NSLS-- http://www.nsls.bnl.gov/newsroom/events/workshops/2009/haxpes/

HAXPES11-Hasylab-- http://indico.desy.de/conferenceDisplay.py?confld=3713

o Existing |
® Under
construction


http://haxpes2006.spring8.or.jp/program.html
http://ssg.als.lbl.gov/ssgdirectory/fedorov/workshops/index.html
http://www.nsls.bnl.gov/newsroom/events/workshops/2009/haxpes/
http://indico.desy.de/conferenceDisplay.py?confId=3713

Some key elements in

Spintronics/Semiconductors/

Inductive Write Head : (e

£ SUYI— L Sensors—multilayer
N nanostructures
IgaléctRizgd Sriet:sO‘l’“: N \\——;.E_ """"" Shield2

Antiferromagnetic
Exchange Film

Copper Write Colls

Random Access
(MRAM-Non Volatile)

->Race Track Memory?

B 4 =y

Spin Valve/GMR
Sensor

ragae g
- NiFe GMR MR
MgO Free Film Pinned Film

spacer

[lon]]
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ED GROCHOWSKI at ALMADEN

Crucial buried functional layers
& interfaces everywhere-
What do we want to know: |

e Interface mixing/roughness/ st
concentration profiles pten ——
e Depth-dependent i
magnetization profiles
e Depth-dependent densities of doice
States

e Depth-dependent band
structure? S. Parkin, IBM Almaden



Photoemission from surfaces,

Interfaces, bulk materials

Photoelectron

What do we want to know?

« Atomic structure, lattice distortions

» Depth profiles of composition and
optical properties

« Core-levels>element specific
binding energies, charge states
magnetic moments,
electronic configurations

» Band offsets

« Valence-band densities of states
bandgaps, behavior near E¢

» Valence-band dispersions, via
depth-resolved ARPES

48

%

2-0




X-ray photoemission: some key elements

® Detector
«Q

eAngIe-resoIved XPS (ARXPS)
Inc

Up to 5-10 keV->deeper

0- Thre
angles & of

r"1:5-'Imr:ngir{g

Core-levels 1(6,¢)

[110]

Photoe- diffraction
Valence-levels

ol GaAs(100). (

1
a 8
fu— W, N
S XPD

mission angle
S

Emission angle—k,



Typical experimental geometry for

energy- and angle-resolved photoemission measurements
Up to 10-20 keV

Ferromagnet

Kiskinova

:3; Down to 5 eV (Lasers) Locatelli
> Z%p Ultrahigh Multi-torr
2 Vacuum :>at sampl
= ¢ Space (PEEM) &
E ———>Time resolution
2 : %I’:lsers, Free e lasers)
£ Sample Simon
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« Binding Energy (eV);’I / H\“_ X \ € ol
Surf. Sci. 478, 193 ('01) yan y V’/ di Z d .

T Alnal yzer Lr\ra late -
New detectors  (\ 47 -
e.g. delay-line, [\ \ " e R N
(e.g. delay-ling e | NO- €~ ™ photoe- diff /holog.

IC; spin); other
spectrometers |
(e.g. time-of-
flight) O 1

Valence-levels

Goldoni

—

I'Im L

> Imagldg 52

= Detector g o]
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P

]
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<
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Recent overview: CSF, J. Electron Spectrosc. 178=179, 2-32 (2010) Emission angle— k



Photoemission with time-of-flight analysis

High resolution & High transmission

* Get rid of slit,
) * Lens system for angular resolution,
7]

k) Andreas,

* Energy analyzed by time of flight,

* Position sensitive detector
Lens elements

s
(=]
I

img src: wikipedia

e
(=]
1

* Resolution set by: slitwidth,
hemisphere’s mean radius and
angular acceptance.

* [ransmission limited by slitwidth
and angular acceptance.

Distance from axis (mm)
1
S o
1

Position sensitive detector

A
o

0.0 0.2 04 0.6 0.8 1.0
Distance from sample (m)

e Measures energy and only one
momentum component (k.) e Measures energy and two momentum components (k, and k)
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