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Class statistics:
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. Il, 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://lwww.physics.ucdavis.edu/fadleygroup/ Lecture slides from this course will be
posted there

http://lwww.physics.ucdavis.edu/Classes/Physics243A/ A ten-week course of 20
lectures, with slides and videos posted
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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 Pressures—->multi-Torr-> Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution
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TRANS TMON METALS
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A first try at many-electron wave functions:

The Hartree-Fock Method

Assume N-electron, P nucleus wave function to be:

¥ ~ @ = Slater detﬁer minant piﬁg%‘;’n "geT')'% r2[3s( )
( o (r)x, (o)) ... ¢N(r )ZN(O'1)
1 ; . (35a)
N! . .
\/_ \¢1(rN)Z1(O'N) ¢N(rN)ZN(O'N)/

and also require orthonormality of one-electron orbitals

[4,(F)g,(FraV =5,
Minimize total energy— Hartree-Fock equations Ifa(?oau:jz zf’zglgefx

H(r)¢,(r)) =3-¢-(F)' i=12,...N (42) Koopmans’ Theorem:

with: - One-electron energies

& =& +2Ju mg, m, Kii (47) —>  (eigenvalues) =
One-electron mtegraf Mor 4 = &~ Epinding
<¢(r)l—— —; 1£I¢(r)> (48)
Two-elec ron coulomb integral: J; in solid state
Jy =(E) K, 14/(7)) = [[4(7)4 ()~ L 4(F), (7 )dviaV, (45)
Two-electron exchange integral: 1z
Ky =(#E) 1 14/7)) = [[4(7)8) ()~ L4, () (7 )av,av, (46)

) L) 1
LOWGI‘S energy—"attractive CSF--Basic Concepts of XPS



Spin-orbit: Final important relativistic interaction
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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).

Electrormc

configul‘ men K ls Ly 2Is Ly 2pyr Ly Ipa My 3s Mj 3pyr Mg 3pys
s | H 13.6
152 2 He 24.6% Missing
152 25 3L 54.7%
152 252 4 Be 111.5% valence
5B |88 *

::225 i;;z O 184 0% Valence |eve|S B'E's
1522922p3 TN 4099378 ~9 ~9 Interpolated;
1222 2p% 80 L R - extrapolated
152252 2p5  OF 696.7¢ [~ 45 ~17 ~17 P
15225226 10 Ne 870.2% 48,53 21.7% 21.6%
{Ne] 3¢ 11 Ma | 070,84 63.54 30.65 30.81
{Ne] 352 12 Mg |303.0¢ 88,7 49,78 49,50
[Nel3s23p 13 Al 1550.6 117.8 72,05 T2.55
[Ne) 3s23p2 14 i 1830 149, 7#h 00 82 00,42
[Ne] 3s23p3 15 P 2145.5 | 8o 1365 |35% Valence levels
[Nej 3s23p% 1658 2472 2309 163.6% |62.5%
[Nej 3s23p5 17 Cl 2822.4 270% 200% 200%
[Ne} 3523p8 15 Ar 1205.0% 32638 250.64 248 4% 20.3% 15.0% |5.7%
[Ar] 45 190K 0845 ITRGE 207 3% 204 5 14 8% 18.3% 18.3%
[Ar] 452 20 Ca 4008.5% 43849 340,74 146.24 443 ¥ 25.4% 25.4%

21 Sec 4492 408 0 40365 108, T 51.1% 283 28.3%

22 Ti 4966 560,04 460.2¢ 453,84 58.74 32.6+ 326+



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

Element K 1s Ly2s  LaZpys Lalpsa  My3s  My3pys Madpys Myddys Msddss  Nyds  Nydppa  Nadpan
23V 5465 6267 S198F  SI2I4 663 17.24 1724

4 Cr 5080 696.0%  SE3RF ST44 7414 42,24 42.2¢

25 Mn 6530 760.1%  640.0¢  63RTH §2.3¢ 47,24 47.2%

26 Fe 7112 B4461  TI99¢  T06.8 91.34 5274 5274 Valence levels

17 Co 7700 025.1%  7932%  TTRI+ 10104 55,0t 50,04

8 Ni 8333 0086+ STOOF 8527+ 1108 68,0t 66.2F

20 Cy R070  10967%  0523% 9327 122.5¢ 77.3% 7514

30 Zn 0650 1196.2*  10440%  1021.8* 1308 0] 4% §8.6% 10,22 10,12

31 Ga 0367 12000%h  11432¢  11164%  150.5% 035t 100.0F 15.74 18,74

32 Ge 11103 414670 1481% 12070 1800t 12400 1208° 20,8 20.2 Valence levels
313 As 11867 1527.0%h  1350.01%h  13236%h  2047% 1462 1412% 41.7% 41,75

14 Se 12658 16520%h  1474.3%h  14330%h  2206%  1665* 1607 55.5% 54.6%

35 Br 13474 1782% | 506% 1550 257= |50% 52+ 70 §o

36 Kr 14326 1921 173005 16784% 2928 2222 2144 05.0% 03,55 27 5% 14.1% 14.1%
37 Rb 15200 2065 1564 1504 1675 24ETE 2300F  11age 112% 30.5% 16.3% 153+
38 Sr 6105 2216 2007 1940) ISETE 2803t 2700% 13604 13424 380 213 2014
30 Y 17038 2373 2156 2080 W2.0%h 306 20885 15774 155.8 43 5* 24,43 231
40 Zr 17098 2532 2307 2223 H034 MASE 3208F IBLI1F I7EE 50,64 28,54 27.1¢
41 Wb 15086 2608 2465 237 d664 V61 36068 205.0¢ 20234 St 44 3264 08¢
42 Mo W00 2866 2625 2520 s063F 4116t 3940 2311 227.9% 632¢ 17.64 355
43 Te 244 3043 2703 677 5445 4476 M7.7 257.6 2539 69 5% 42,3 390
M R 2T 3224 2067 2838 SEGI* 4835t 4614F 2842 28004 75.0¢ 46,34 4324
45 Ri 23220 3412 3146 3004 628.1F  S213+ 4965 31L9%  307.04 8l4%h  S0.5% 473¢
46 Pd 24350 3604 3330 3173 671.6¢  SS9.0F  5323F  Md05¢ 335 87.1%h 5572 S00¢
AT Ag 15514 3806 3524 3351 71008 GOAEY  ST30F ATA0F 3683 o7 63.7% 583




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 Pressures—->multi-Torr-> Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



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

e, free

hv PHOTOELECTRON SPECTROSCOPY=
hv PHOTOEMISSION - PS, PES, UPS, XPS
+ DIFFRACTION-XPD, PhD
+ HOLOGRAPHY-PH
+ MICROSCOPY-PEEM



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

A W

winetic » dlrection, spin

hv = E;itia1 — Efinai = Epinding™ Exinetic



But not everybody liked this idea to start with!

“I would like to tell
you how pleased |
am that you have
given up your
light-quantum
theory”
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von Laue to Einstein, 1907 letter



...and even Planck

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

“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
guanta, 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.”




Basic energetics—Many e- picture

__ p=Vacuum _ p=Fermi
hv = Ebinding + Ekinetic - Ebinding + ‘pspectrometer +E

/ Many states, many values
Pa

El‘a/;(;l;ggm (Qn/j, K) = EfinaI(N _ 11 Qn/j hOIe’K) _ EinitiaI(N)

kinetic

Relaxation/screening

o~
3 lon Q* + photoelectron @ «
t K state\ N E. =0
T \ vt
m uum -
= Eyecum (Qne j,K)
0
-

Atom Q l




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

The spectroscopies:
e, free

hv PHOTOELECTRON SPECTROSCOPY=
hv PHOTOEMISSION — PS, PES, UPS, XPS
+ DIFFRACTION-XPD, PhD
+ HOLOGRAPHY-PH
+ MICROSCOPY-PEEM

X-RAY ABSORPTION SPECTROSCOPY- XAS

*NEAR-EDGE — NEXAFS, XANES

#EXTENDED- EXAFS, XAFS

+ X-RAY MAGNETIC CIRCULAR/LINEAR
DICHROISM- XMCD, XMLD

X-RAY EMISSION (FLUORESCENCE)
SPECTROSCOPY

v’<hv

+ AUGER ELECRON SPECTROSCOPY

e, free
= Auger



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

Plus diffraction and scattering:
From crystals:

n\, =2d,,,sin6

From multilayers: indicent Reflected beams
beam
A / rLLEEE
/¢ Standing wave

g /*////

‘ 1_ Material A
 Material B

n\, = 2(d,+dg)sind
= 2d,,, sin0

Substrate

o AT AT S A T T T A AT




Cor9/ PES

Valence PES Le

hv

=
VB

hv

Core

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.



MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: DIPOLE LIMIT

e Photoelectron spectroscopV/photOGMiSSiOI']'-' p{free)
v g

- ---+-Vacuum

I oc

o, ()

éo<¢f(1)‘F

o(bound)



The Soft and Hard X-Ray Spectroscopies

Valence PES ¢ Core PES

[ <

hv

CB
=
VB

hv

Core

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



MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: DIPOLE LIMIT

e Photoelectron spectroscopV/photOGMiSSiOI']'-' p{free)
v

- ---|-Vacuum

I oc o ()

éo<¢f(1)‘F

——————— Vacuum
p(bound) hv‘”’(b°”"°f)
o Near-edqge x-ray absorption:

éo<¢f(1)‘F

o, ()

go,-(bou.nd)



Variation of
Near-Edge X-Ray
Absorption Fine
Structure

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

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

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

C 1so71*
C=C C 1so71T*
~ =0
20
PMMA
15
PS
10
-+
0
280 290 300 310

Photon Energy (eV) H. Ade, X-ray Microscopy 99,

AIP Conf. Proc. 507, p.197
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SCANNING TRANSMISSION X-RAY MICROSCOPY OF POLYMER BLEND

H. Ade, X-ray Microscopy 99,

AIP Conf. Proc. 507, p.197
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Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)

Ferromagnetic cobalt with magnetization
along incident light direction

1

= 2 -
& 3.0 1 L3 | ]
s 4.0 _RCP -
8 ~ L F“. LCPI;‘Z ]
L b\\
N i N\ 7
210} —
;.- 0.0 I J ¥L3 | IL2| ]
760 780 800

Photon Energy (eV)

Very useful sum rules: Spin magnetic moment—

Orbital magnetic moment—

Intensity Difference

0.50
0.00
~0.50
1,00
~1.50
~2.00

760

(a0 = component along magnetic field)
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Magnetic Circular Dichroism in X-Ray Absorption (XMCD):
Only happens because of the spin-orbit effect

- ® SPIN-ORBIT SPLITTING OF LEVELS:
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WITH C1 AND C2 TABULATED CLEBSCH-GORDAN
OR WIGNER 3j SYMBOLS
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Example: Photoelectron spin polarization from spin-orbit

coupling and circularly-polarized radiation—The Fano Effect

e P (TE i &

5 x100
Photoelectrons E,;,s 3{21 \ | lu +’d<;v73 V113 +1°
(Neglect E,;,d) | ‘ = ——x100 = -50%
4/3
1/2

2 PURE Spin
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- Mm1xED referenced

_____________________________ ! to k, and M
of sample

' MIRED



Photoelectron spin polarization from spin-orbit coupling and

circularly-polarized radiation—The Fano Effect

e :7 "UP 2 ,down i 12 - \.I"I / 32

=400 x100
3/2 3 l-k "'up + "down 12 + \/mz
BN \3:» _2/3

' P=—31{x%
\0 1/2
h\& | |

yvacuum

Spin
externally
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: : to k, and M
51:35 of sample
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Fano effect and spin polarization (SP)

In core photoelectron spectra—expt.

SPIN-ONBITSIUT S —— T
' - - () .
cever (b) ;[ warP=+5%% T, ]
EXL(TED : 4, B :
i TH 4_- P, : parfillel "
CiIRCULAR 3r .
TOLAMZATION.. | -
(FANoO e.rnc'r)‘é
1 - ol
£ i
& of |
&
w5t .
5§ |
g 4L )
3 - —
Z L
2 [~ ~
i | Ex®pT. = STARRE ST
Spin detector of | ) g S PRD s‘:‘ ;?.1OSQ‘(
. 1 A L i I " 1 — " A . q’
38 36 34 32 30 28 (1986 )

Binding Energy (eV)



Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)

J. Stohr, Journal of Magnetism and Magnetic Materials 200 (1959 470497

H

Valence Band
I\?I Densities of States

‘ EF _____
Spin-down

L eft-circular Right-circular

polarized : polarized
(LCP) photon (RCP) photon
i




Electron- The Soft and Hard X-Ray Spectroscopies

out: s’
7’
surface 7 ~
- ~

sensit‘\valence PES - COre PES ?1 e-3 .

[ <

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



MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: DIPOLE LIMIT

e Photoelectron spectroscopv/photOGMiSSiOIq-' p{free)
v

- -----Vacuum

I oc

éo<¢f(1)‘F

2
Pi (1)>‘ ——————— Vacuum
p(bound) py ’(b°””°f)
o Near-edqge x-ray absorption:

<¢f (1) ‘ r

o, ()

[ ]
@,(bound)
e Auger electron emission:

o2 Direct o2 Exchange | vacuyum--H----
<<Pf(1)<P1(2)\ |05 (1)0,(2)) - <(P1(1)(Pf(2)\ |05 (19,(2)) 0y i
1 12
with r,, = ‘F 7 j
DI e -\
= 4ne <+ Y, (65, 0,)[Y,™ (6,,9,)]
\' ’\ = 0m=—f25 +1r v e all bound

a complex operator, no simple selection rules
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THE AUGER. PROCESS

= |
TWO- STEP PRULCESS. ayy
TWO - HeLE FINAL | -
STATE. T
-Epinding= NO STRONG SELEC. |
A RULES. [of AV
Epositive | . ,upiex SPECTRA. e.JAuger K.E
c¢ce | [
: Vacuu A _—
""""""""""""""""""""""""" M - » .
. The equivalent core or Z+1
; : :
\afermn e, approximation A
v 63
+Eb/nding'5 o5
& negative CorE & DoRs NeoT
Corhy Or more accurately:
64 K.E. ~ B.E.SZ - B.E.3Z+1' B.E.1Z
Coe . \p § e ~BEgZ-BE.Z-B.E. >
€5 ~ (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 ¢s — 2¢; > 0.



The equivalent core or Z+1 approximation

0:Z=8
O core = 0O 1s2 = QY+
1s2=-2e

\
®+8e

Assume:
O%+* core with
1s hole = Ot =

1sl=-1e 1s2=-2e
\ \

~yY

e+8e ~ ®+9e

= F’* core
F:Z2=9

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

Coilfelgf: et K 1s Ly2s  Lylpyz  Lalpyz  Mypds  Mylpys  Madpys

is | H 13.6
152 2 He 24.6% Missing
152 25 3L 54.7%
152 252 4 Be 111.5% valence

5B |88 *
::225 i;;z O 184 0% Valence Ievels B'E's
1522922p3 TN 4099378 ~9 ~9 Interpolated;
1222 2p% 80 AL S - extrapolated
152252 2p5  OF 696.7¢ [~ 45 ~17 ~17 P
152252256 10 Ne §702%  4m.5* 217 21 6%
[Ne] 3s 11 Na |0T0.8F 6354 30,65 30,81
[Ne] 352 12 Mg 1303.0F 88T 49,78 49,50
[Ne]3s23p 13 Al 15506  117.8 72.05 72.53
[Ne] 3s23p2 14 Si 1830 149.7¢h G082 09,42
[Nel3s23p3 15 P 21455 1g0= 136 135% Valence levels
[Ne} 3s23p4 168 2472 2309 163 6% 162.5%
[Nel 3s23p5 17 Cl 8224 270% 200 200
[Ne) 3s23p5 18 Ar 1050F  3263% 250 64 248 4% 20.3% 5.0 15.7%
[Ar] 4 19K G085 4% ITRE® 297 3% 204 6 14 8+ 18.3% 18.3%
[Ar) 452 20 Ca A038.5¢ 43844 34074 146,24 443 4 2544 75 44

71 Se 4407 AEO* 4036% 108, 7% 51.1% 78.3* 78 3%

22 Ti 4066 SH0.0%  4602% 4538 5874 32,6+ 1264



Eletctron- @ The Soft and Hard X-Ray Spectroscopies
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deeper
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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



THE AWGER. PROCESS

TwoO- STEP PRucCess. evy
TWO - ®weLE FINAL
S TATE.. ;!
NO STRONG SELEC.
Y RULES. (of A"
£PoSItive | yrpcex SPECTRA. A e.JAuger K.E. ,
cec ‘ OR THE X-RAY EMISSION
‘ “PROCESS (FL EMCE)
S Vacuum .A_ —_s -—L mm
k 61 &
Valence oo —| €, hy 8—€5+ 33
v 1 0Q—| ¢
V' 3
£ negative I ® Or more accurately:
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@ - _ hv’=B.E.; - B.E.; , core
& orhv S
k €4 Two - STEP PROCESS
Core : «5 e ONE~-HOLE BaAL
€g STATE
Stnong DIRLE RuES

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 €& — ey > 0.
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Ne
X-Ray N;
Nomenclature
(from “X-Ray M;‘

Data Booklet”)

In general:

rbit n Ij=l- 1/2

1-14

il
|
==
@
i
w
e
&
N

B2is € ™ Aj=0,%=1

N -15=2p;,

L =2P1/2

YY YVY W

L1=2s,,,

. See Section
1.2 in “X-Ray
Data Booklet”

K1=1s

Fig. 1-1. Transitions that give rise to the emission lines in

Table 1-3.



Electron binding energies

Element Kls Ly 2s Ly 2py Ly Ipy My 3s Ma 3pyr M 3pyy My 3dyyy Mg 3dgy .
23V 5463 626.74 5108+ 512.14 6634 37.24% 3724

24 Cr 080 606, 0% 58384 -4 I, ?4.|1:- 43.}? 4’3 > Diff. = 11.2
25 Mn 63310 T69.14 640 OF 63874 82.3f 47.2% 47 2%

26 Fe 7112 244 it 719 94 706,84 9134 52.7% 52.7%

27 Co 77019 025,14 703 24 T7R.14 101.0¢ 58,04 50.0%

28 Ni 8313 008,64 870.0% §52.74 110.8¢ 68.0% 6624

20 Cuy 8O70 006,74 052 3¢ 032.7 122,54 77.34% 7514

30 Zn 0650 119625 1044.9%  |02].8% 130 8* 0] 4% B8 .6* 10.2% 10.1%

__ ~ Table 1-2. Energies of x-ray emission lines (continued).

Element Koy Ko Kb Loy Loy LB LB, Ln Moy
22 Ti 451084 4,504.86 493181 4522 4522 458.4

23V 495220 494464 542729 5113 5113 5192

24 Cr 541472 5405509 594671  572.8 5728 582.8 _

25 Mn 589875 588765 649045 |6374 6374 6488 —— Diff. =11.4

26 Fe 6,403.84 639084 705798 7050  705.0 718.5

27 Co 693032 691530  7,64943 7762 776.2 791.4

28 Ni 7478.15 746089 826466 8515 851.5 868.8

29 Cu 8,047.78 802783 890529 9297 929.7 949.8 See Tables 1.1

30 Zn 8,638.86 8,61578 95720 10117 10117 1.034.7

and 1.2 in X-Ray
Data Booklet



MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies: DIPOLE LIMIT

e Photoelectron spectroscopV/photOGMiSSiOI']'-' p{free)
vV TG

- ---F-Vacuum

I oc

2
Pi (1)>‘ -------- Vacuum
o bound
pbound) 1, PPN

éo<¢f(1)‘F

o Near-edqge x-ray absorption:

< |6 ¢ (@, (1)|F |, (D)
(o,-(bou.nd)
e Auger electron emission:
. Direct o> Exchange |2
I < (@, (1), (2)\r—\¢3(1)¢2 (2)) - (@, (Ne, (2)\r—\¢3(1)¢2 (2))| Vacuum
12 12
e X-ray emission: @ —------ Vacuum

[ oc

Ce <¢f (1) ‘ r ‘ @, (1)>‘2 ¢ ¢i(bound) o,

hv’
@};{ 0 all bound
of{boun




1.3 FLUORESCENCE YIELDS FOR K AND L SHELLS
Je_ﬁ'reyB Kortright "

Fluorescence yields for the K 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

1.0 —r—T~1—

09
K-shel

Fluorescence yield =FY 0.8

0.7

FY = probability of radiative

. . 0.6
decay — x-ray emission)

0.5

1 - FY = probability of non-radiatives o.4
decay — Auger electron emission 03

Fluorescence yield

- L-shell

0.2 (average)

0.1

] ] | L
0O 20 40 60 80 100 120

Atomic number

0.0

Fig. 1-2. Fluorescence yields for K and L shellsfo ~ ”
110. The plotted curve for the L shell rep. - 1kay Data Booklet
average of L}, L3, and L3 effective yields Section 1.3



PER CHANNEL

COUNTS

Many electron effects and satellites in x-ray emission
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PES = photoemission = photoe‘rectrqn §pect-roscopy
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 and Hard X-Ray Spectroscopies:
RESONANT EFFECTS

e Non-resonant photoemission:
@Hfree)
hv @
- - --|--Vacuum

ée (o, (|7, (M)

I <

o(bound)

e Resonant photoemission:

(2, (M[&7|g,0)+ X0, (00, (2)| |, (Ne, (2)) (@ (1)

xo(hv—(E, —E,))

Direct
P

Vacuum = = |- -

2

ée7|p,(1)

| oc

Resonant
| Pm

=3

P4



Single-atom resonant photoemission:
Ex. — Mn atom: Mn3d emission, resonance with Mn3p

——— Photo e~, E = 50 eV

<Ef I¢+71 Mn3d>4 f=p+f

A ™y ~d A ) o4
Mn3d, Mn3d.>

hv3p=5

| | | | | | | | |
70k Atomic Expt. (Krause et al.) |
Mn(g) K

6.0~ Theory (Garvin etal.) |
5.0 — xEPT -
IMn3d 40 g
3.0 - N
2.01 Of : ‘ ,»~ Non-Resonant =1.0

1.0 [P ade= o 5 -

20 30 40 50 60 70 80 90 100 100
Photon Energy, hv (eV)



SrTiO; and La, ,Sr, 5;;MnO; band structures and DOS

Energy (eV

SrTiO,-band insulatoI' La, 67510 33MNnO;- Half-Metallic
0 Ferromagnet
” / / \ Projected DOSs
” JE— Spin-up Spin-down
" 41} I::':., ".,:- ¥ |
. 30 '
40 e ‘2'[}
30 1Iu
____ﬁ__‘."_'o_g _____ PEmE - C ot el (pe el a0
2 HliE;Pt’é- ga\nldgap Expt’l. band Mn eg
e e offset 3.0eV  Mn tag20 T
00 3 0
10 40
20 50
30 60
40 \ / -1
o R S S T r
60 Plucinski, TBP —— Spin-up Zheng, Binggeli, J. Phys.
10 4 with expt’l. band offset Spin-down Cond. Matt. 21, 115602 (2009)
B Chikamatsu et aI., Plucinski, TBP

W T T X 7T N 3 PRB 73, 195105 (2006);
l Plucinski, TBP




Valence spectrum

Lay ¢ St s MnO; thin ﬁlm:

Intensity (arb. units)
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Mn 2p absorption
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K. Horiba et al. | Journal of Magnetism and Magnetic Materials 272-276 (2004) 436—437




Multi-Atom Resonant Photoemission

Ex. —MnO(001): O1s emission, resonance with Mn2p., ,,

————— earesre=sPNoloe, E= 1000V
<Ep Ig*F 1 O1s> ) ! =p
\ >
a <Ep, Mn2p,,, I£] O1s,Mn3d>

Strong
<Mn3d Ig*r| Mn2p,,,>

hv, =640eV

2Py

Mn2pg,
*» Mn2p; .,
Kay et al.,

Science 281, 679 (‘98);
Corrected picture in
PRB 61, 5119 (‘01)«
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MATRIX ELEMENTS IN The Soft and Hard X-Ray Spectroscopies:
RESONANT EFFECTS

Vacuum
o X-ray emission:

I c|é o (g, (V[F| g, (1)

Vacuum-------.
e Resonant inelastic x-ray scattering: hy < €inc ¥, (N) :z,-=AE
o |5 (M) s P2 (M) (¥ (M) rI‘P,-(N)>‘ X%\
|~ hv +E,(N)—E_(N)-il :¢\pf(N)

x 8(hv — (E,, (N) - E,(N))) \ ¥(N) 5%
2l t t

m

Nm (t) = Nm (0)9_ - Nm (0)e_rlifetime




X-ray
fluorescence
spectroscopy
=X-ray
emission
spectroscopy
(XES)
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scattering
(RIXS)
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Exmtatlons probed by RIXS

REXS RIXS

9010 l e 1
[ ', Raman
Charge Transfer £610 : 1 1 losses
Ph loss peak 9051
onons »
(Bi-) d-d . : Normal
Magnons 5 9000f XES
£ [ Kﬂz,s
o [ Emission
< 8995 line
: : /. ; =
| l 7/ 1 | > &
50 meV 500 meV 15eV 2eV Energy 8990 |
=
Aments et al., Rev. Mod. Phys. 83, 705 (2011) —
8985 [
Example: CuB,0, plaquets f RixS signal (photonss)
8980 | O
@u(1)Cu®)  Cu(1) Cu@) 3 W,
1500+ r—ﬁr_ﬁ i———i 02 4 6 8101214
2 ) | & _ _ Energy Transfer (eV)
E | . =AE
£ 1000}
T 5 O T o 89920V
5 500 2p Py o
k= 31 30t
% b Residuals
X O AR i U A

L ’ “

930 940 950 960

Hancock et al., Phys. Rev. B 80,

092509 (2009)

970

[SY
o

RIXS signal (photons/s)
S &

0 E 10 15
Energy Transfer (eV)



The Soft and Hard X-Ray Spectroscopies
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The five ways In

which X-rays
iInteract with
matter:

S N B R E R B B B
~ . . -
Cis edge Five pvecesses
108+ N v Tha R=rey Jatwwn |
- |896 wmlevroction
o B 3 —
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2 10% [Phetoctectym = Photo electvic effect:
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§ 102 - c© %iot, experiment
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= V) Mueclear
v = Photon energy (e )‘.‘w'ﬁm
Fig. 3-1.  Total photon cross section o, in carbon, as a function of

energy, showing the contributions of different processes: T,
atomic photo-effect (electron ejection, photon absorption);
Ocon COherent scattering (Rayleigh scattering—atom neither
ionized nor excited); o, , incoherent scattering (Compton
scattermg off an electron) «,, pair production, nuclear field;
¢» Dair production, ele(t n f' eld: o photonuclear absorp-
tton (nuclear absorptic... sually folﬁ;w :d by emission of a

neutron or otFer particle). (From Po{ 5; fig igure courresy of
J. H. Hubbell)

LBNL Center for X-Ray Optics
“X-Ray Data Booklet”
Section 3.1
http://cxro.Ibl.gov/x-ray-data-
booklet



Incident Reflected

A LITTLE X-RAY OPTICS |G, ‘

EquatignsJ \I%K
Index of refraction=n=1-35 - i HZ) = Transmitted

(Sometimes with + signs on 6 and/or B) ! /(O)E'X,O(-L/Ahv) & Absarbed

8 = + no. = refractive decrement << 1
(Sometimes changes sign through absorption resonances)
B =+ no. = absorptive decrement << 1

5 and § linked by Kramers-Kronig transform
(See next page)

n also = 1 — (r/2m)An22nif(0=fwd. scatt.) Online data and calculations excluding resonant
behavior at:
r. = classical electron radius http://henke.lbl.gov/optical_constants/getdb2.html
= e?/4nggme? = 2.817 x 1015 m

Ahe = x-ray wave]ength Au Density=18.32

n; = no. i atoms per unit volume
e delta {dash)
f, = x-ray scattering factor for ith type of atom, in forward - beta {solid)
direction !

Exponential absorption length = l,ps = A /(4nB) = Ap,

OcriT = critical grazing angle at which
reflectivity begins (R ~ 0.20) = [258]°-°

Sections 1.6 and 1.7 of X-Ray Data Booklet D e o e
Pheton Energy {eV)




1. ATV ouAaTerana FACTORS
Eric M. Gullikson

The optical properties of materials in the photon energy range
above about 30 eV can be described by the atomic scatt
factors. The index of refraction of a material is related to thé hv

scattering factors of the individual atoms by A

n=1-5 —:ﬁ-l——Azzn,f(O) ; (N

where re is the classical electraon radine 4 is the wavelength,

and #; is the numt = 411;[3/7\,)( W, —(NAIA)po' 1IAhv z. The
parameiers & and g are called the refractive mdex decrement
and the absorption index, respectively. The complex atomic
scattering factor for the forward scattering direction is

fO)= A +ifz . 2)

The imaginary part is derived from the atomic photoabsorption
Cross section:

Hh =

2rc2. 3

The real part of the atomic scattering factor is related to the
imaginary part by the Kramers-Kronig dispersion relation:
1 * £20,(£)

= Z*+
h mehedy E2 — €2

de . 4)

In the high-photon-energy limit, f; approaches Z* which
differs from the atomic number Z by a small relativistic
correction:

Z* =~ Z —(Z/82.5)237 5)

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)

www cxro.Ibl.gov/optical_constants/]. The mass absorption
coefficient y (cm?/g) is related to the transmitted intensity
through a material of density p (g/cm?) and thickness d by

[= et (1

Thus, the linear absorption coefficient is i, (cm~!) =pp. Fora
pure material, the mass absorption coefficient is directly related
to the total atomic absorption cross section o (cm?/atom) by

Np

ﬂ'-A—a y (2)

where N is Avogadro’s number and A is the atomic weight.
For a compound material, the mass absorption coefficient is
obtained from the sum of the absorption cross sections of the
constituent atoms by

U= S Y0y (3)

i

where the molecular weigiy: ~F a compound containing x; atoms
of type iis MW =Z,x;A; ThlS approximation, which neglects
interactions among the atoms in the material, is generally ap-
plicable for photon energies above about 30 eV and sufficiently
far from absorption edges.
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Index of refraction over
Ni 2p resonances in NiO O 1s emission from NiO(001)
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-»- Experiment
— X-ray optical theory
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Mannella et al., Phys. Rev. B. 74, 165106 (2006)
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The ultraviolet, soft x-ray, hard x-ray measurements:

Plus diffraction and scattering:
From crystals:

n\, = 2d,,,sin0

Use atomic scattering

factors f;
From multilayers: Incident Reflected beams
beam
Ay £ LA
Standing Wave
o AL/
Plus Kiessig™ T L 1 Material A
fringes: Material B
pL, = 2mdM_,_sin6 Oy n), = 2(d,+dg)sin0
= 2D, sinO = 2d,, sin0
p=1,2,...
unknown no. Use complex index of

2 refractionn=1-5 -ip
Fresnel Equations

Substrate

VPSS IINL IS LIS I IS G SIS P ISP I IHP




Three ways to scan a standing wave formed in reflection from

single-crystal Bragg planes, or a
Incident Reflected

Il \\\\n\mnn\\\\\\\\\

Asw (|E?]) =
Il |'nm'|'|'|'|",rm AN fﬁgmé,)m

1 | (R | \\\g‘“%g;‘;ﬁ“_
Il sW B
%ﬂ | (AT "

0/0 mOdUIationz \U\j NARRRARARRARARNATNAARnnn
100 x 4\/R IIIlIIlIHIININMIIIIIIIMIIIN z
“ 30011 e . \ 1)

I(hv) < 1+R(hv)+2\/R(hv) fcos[<p(hv) 2(Az / Ay, )]

WItN. pnerer . DN OT aton NZ = pnase ¢ pnerent-c N PC o]

3 Phase scan w:th wedqe-shaped sample (“Swedqge” method)

dML

tanding waves via Bragg reflection o ard xX-rays: Batterman, YS. RevVv

*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

Bragg angle
\I{o K H - !
0.8}
R 06
0.4}
0.2}

g

20 0 20 40 60 80
A6 [urad]

+Same general forms if photon
energy is scanned

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



Form of rocking curve is unique to position of emitter

c 4

o K K
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hv = 5.9 keV

O-surface contaminant

Al 10 A--Cap

FeF, wedge, at 100 A thickness

l MgF, 200 A
t GaAs 40 A
D"'L=A ( —
2734 GaAs 22.6 A I
60 . dy. =449 A
[ )
" GaAs 22.6 A
GaAs substrate
C[Electrlc Field]? VS. Depth
4.0 -
Vacuum Co FeF, MgF, AlAs/GaAs
3_5_ SW Mirror
3.0
2 25-
[y p
2 20
2 ]
= 15 ColFeF
T : . 2
1.04 interface
0.5+ sensitive
o.o' — w. — —
200 -100 0 100 200 300 400 500

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

Depth (Angstroms)

E? (Arb. Units)

> @ Al 2p (ML) Kiessig:
- —Ga2s
-"é —Mg 1s
- Fe 2p . .
z 4 Co 2p Kiessig
3 e
% 9 Co 2p
s (4 Fe 2p———
E O 1s Mg 1s
g Co 2p Ga 25—
) — Al 2p ML
.8 g 1s P
£ Al 2p ML—
o
S
[}
_g:z.zs
o - - - v v
§§ﬁ§§ \ 1,0 1.5 2.0 25 3.0 1.5
£ Grazing Incidence Angle (Degrees)
B Bragg
[Emléestrrgsl s R epth [Electric Field]? VS. Depth
6- Al 2.5. Al
Vacuum FeF, MgF, AlAs/GaAs Vacuum FeF, MgF, AlAs/GaAs
Mirror Mirror
5| SW S
B n ” n n A n n n ﬁ
4 4 —_
% 1.5-
3 ) - - Standing-
=]
X-ray < 104 wave
21 , u scan
waveguide- “
1 MgF, °s1) § PV | | U
sensitive N\
0 — e ——— 0.0 — v . T T
200 100 O 100 200 300 400 500 -200 -100 100 200 300 400 500
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Yang et al., J. Appl. Phys. 113, 073513 (2013)



Some basic measurements: REXS/RIXS, XRD, XAS,

. - . XES, RIXS NEXAFS/XANES,
Standing }"SW = }\.XI(ZS"'I OX') XFH XFH-'. RXFH EXAFS, XRO
Wave:  Lp, RCP, LCP, Unpol. hy’ ’ ® -

¥=-~" Pps, PD, PH
/ <hQ¥ < \
Y P ~ CD, MCD, SP,"
' el 7 . ~€" RPS |

1, | el e
exp(-LXIAX) ¢ ‘ S ® exp( LeIAe) L7
n= 1 C 8 - iB fX \ f _ > 7
\/ e f e _- -
(Kramers-Kronig) o 9 _ -
ission Spect XES),
~1 '(ro 7"X2/ 27c)z:niin(o) fx i:X Resonan |s§:ac:28ti|ge)c(:_::; %%g)t,téring)(RIXS)

_ Resonant Elastic/lnelastic X-ray Scattering
My = 4npliy Multi-atom resonant (REXS/RIXS)
O.R=0.! photoemission (MARPE)  X-Ray Diffraction
. 2 Photoelectron X-ray Absorption Spectroscopy (XAS)
OCRITI = (25 )1/2 Spectroscopy (PS, PES), X-Ray Optical measurements (XRO)
Diffraction (PD), Near-Edge X-Ray Absorption Fine-Structure
Holography (PH) (NEXAFS)/ X-Ray Absorption Near-Edge

+ Circular Dichroism (CD),

Magnetic CD (MCD) . ’
- : ot ( Fine Structure (EXAFS)
RX + TX 1 Spin Polarization (SP) X-ray Fluorescence Holography (

Resonant Photoemission
(RPS) Resonant XFH (RXFH)




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 Pressures—->multi-Torr-> Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Producing x-rays:

Evacuated
the gOOd glass envelope
old-fashioned way Filament Metal target
N
Focusin
electrod% \ X-rays
1020 kev - _/
e-
3p .
2p
/134 See Section
o— B 1.2 in “X-Ray
Data Booklet”

30 40 50 60 70 80 9
A (pm) =



X-Ray
Nomenclature
(from “X-Ray
Data Booklet”)

In general:

rbit n Ij=l- 1/2

1-14

| Ny =4f _
____N; f4d75/,22 Ns; fc‘;slz
=N; 24832 Ni=ap?-
M 11 112
—Ms=3d
— i x| |— :Mg=3pgg M,=3d,
— = j— = | |———]= - M =3p
1=38,,, M2-9P112
oy o PifB2is € M =
Bs By B2 Aj=0,%+=1
== S 4 R Y"'I:szl%/z
[ 2—2P1/2
T L1=2s,),
K :
@2 O . See Section
- 1.2 in “X-Ray
- Data Booklet”
YY VY W Ke=1s
Fig. 1-1. Transitions that give rise to the emission lines in

Table 1-3.



X-Ray energies
from the “X-Ray

Data Booklet”

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

Element

Koy Koy KH Loy Loy Lp L Ln Moy
3 Li 54.3 |
4 Be 108.5
5B 183.3
6 C 277
7N 3924 Popular laboratory sources
g g g,f;': for common soft x-ray photoelectron spectroscopy
10 Ne 848.6 848.6
11 Na 1,04098 104098/ 1,071.1
12 Mg 1,253.60 125360 | 13022
13 Al 1,486.70  1,48627 | 1,557.45
14 Si 1,730.98  1,739.38 | 1,835.94
15 P 20137 20127 2,139.1
16 S 230784 230664  2,464.04
17 Cl 262239 262078  2,8156
18 Ar 295770  2,955.63 3,190.5
19 K 3,313.8 33111 3,589.6
20 Ca 3,691.68 3,688.09  4,012.7 341.3 341.3 344.9
21 Sc 4,090.6  4086.1 4,460.5 395.4 395.4 399.6




X-Ray energies

from the “X-Ray
Data Booklet”

Table 1-2. Energies of x-ray emission lines (continued).

Liquid jet-Scienta

Element Koy Koy KB Loy Loy LS LB LA Moy
22 Ti 451084 450486  4931.81 4522 4522 458.4

23 V 495220 494464 542729  511.3 5113 519.2

24 Cr 5414.72 | 5405509  5,946.71  572.8 572.8 582.8

25 Mn 5.898.75  5,887.65 490, 637.4 637.4 648.8

26 Fe 6,403.84  6390.84  7,057.98 . 05.0 7185 popular laboratory
27 Co 693032 691530  7,649.43 7762 776.2 4

28 Ni 747815 746089  8264.66  851.5 851.5 368.8 Sources

29 Cu 8,047.78  8,027.83 890529  929.7 929.7 for hard x-ray

30 Zn 8.638.86 861578  9,572.0 . 011.7 1,034.7

31 Ga 0251.74 | <9224 102642  1,097.92  1,097.92  1,124.8 photoelectron

32 Ge 088642 985532 109821 1,188.00 1,18800 12185 Spectroscopy

33 As 10,543.72 10,507.99 11,7262 12820  1,282.0 1,317.0

34 Se 112224 11,1814 12,4959  1,379.10 1,379.10  1,419.23

35 Br 11,9242 11,877.6 13,2914  1,480.43 148043  1,525.90

36 Kr 12,649 12,598 14,112 1,586.0  1,586.0 1,636.6

37 Rb 13,3953 133358 149613  1,694.13 1,692.56  1,752.17

38 Sr 14,165 140979 158357 1,806.56 1,804.74  1,871.72

39 Y 14,9584 14,8829  16,737.8 192256 192047  1,995.84

40 Zr 15,7751 15,6909  17,667.8  2,042.36 2,039.9 21244 22194 23027



’ Inside a synchrotron

- radiation source
/A Endstationf;‘:‘_‘_\;;7i . EleCtrOn

: 204 ; speed near c:
0.99999994 c, y
= 3719
Einstein
needed again—
Special

___________ Relativity

Electron Gun

N Ir
w \ )

¢ J
Accelerating Chamber StorageRing = 7 M
= 15 meters | M % %
1 —_—

Radiofrequency \ Vo—'YC// D
Cavity J X ‘%
“ o %A
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+Doppler: /\‘Y secnil |

electrons
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The generation of x-rays:

An Xx-ray tube:

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

large enargy range

i

e
i
fis

Voltage

|l source
y
Electrons
—_— —_—
— e T ——
Target
Tube Inner-shell
-ra H
S atomic
transitions

Electron

EAVatCE



Synchrotron

Synchrotron radiation
pulse

. . Electron \ _ A
Radiation WJO e
Sources: VG

Bending
magnet 1 Wiggler N Undulator N
-
| >
Intensﬁxm oc 1 N2
BENDING GNETS AND WIGGLERS generare fan-shaped beams of syncl’ _ron
radiation, whereas undulators emit pencil-thin beams.

Radiation from an insertion device

—Electron beam

Radiation

Magnet poles




Bend-Magnet Radiation
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Beamline optics
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In the central radiation cone:

FPhaoton flux

Am 1
o N
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FPhoton energy

eB)A,
2mm,c

A, as observed will
increased if the
magnetic field B,
is increased

or if viewed away
from the axis by
an angle 6



Advanced Light
Source--
Sasaki-Carr
Elliptically-Polarized
Undulator:

Variable light
polarization

T g At .| arrays
LCP O - -"- “ \ - : ..'..--'-.:::".:'.:'::'..".-"«-"--"-'-"':

Horiz. Lin. «—

RCP O

Vert. Lin. I

[Can also vary polarization
to LCP, RCP by going
above and below the orbit
plane in a bend magnet]



THE ELECTROMAGNETIC SPECTRUM

Wavelength lbe . alie [ 1 12 W nE | e anE | e ansl et e el qagt anes
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Typical
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Advanced Light Source--

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

Ezndable
refocusing
Three interchangeable mirror Sample
rotatable diffraction
gratings

100 n
spot

Translating
exit slit

| Circular
Horizontal polarization
focusing aperture '
mirror Translating
entrance
slit

Vertical
Bend-magnet focusing
source Mirror

Schematic layout of Beamiine 5.5 2.



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

Quarter-wave plate
Variable polarization

Source: High-flux

undulator
Hard x-ray (2.3 to 12 keV)
photoemission e
M28 \(HXPS/HAXPES)— I My Sl
\

/F HRM/ y /

SN
\ | §Z X M
Double-crystal
igh res. mono. monochromator

(AE ~ 100 meV) (Si 11 and 333)
PES endstation

Solid-State, Gas-
Phase, Liquid Jet

RIXS endstation
|0x10 ym? beam spot

30x80 um? beam spot

J.-P. Rueff, D. Ceolin, M. Simon, J. Rault



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

B

e Free 4
electron EA Oy
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Magnetic Microscopy

Diagnostic Beamline

Surface, Materials Science (MAESTRO)
Calibration, Optics Testing, Spectroscopy
Magnetic Spectroscopy, Materials Science
X-Ray Microscopy

Femtosecond and Picosecond Phenomana
Femtosecond and Plcosecond Phenomena
Polymer STXM

Research and Development
Macromolecular Crystallography
Macromolecular Cryslallography
Macromolecular Crystalloegraphy
Macromolecular Crystallography

Magnetic Spectroscopy

MERLIN

Commercial LIGA

Diagnostic Beamline

Mational Center for X-Ray Tomography

IR Spectromicroscopy

IR Spectromicroscopy

.31

7.2
7.01
6.3.2
6.3.1
6.1.2
6.0.2
6.0.1
5.3.2
5.3.1
5.0.3
5.0.2
5.0.1
4.2.2
4.0.2
4.0.3
3.21

3.1
21.2
1.4.4
1.4.3

ALS Beamlines
January 2014

Insertion Device

Beamlines

Operational

Bend Magnet
Beamlinas

= = Under Construction

Superbend
Beamlines

7.3
8.0.1
8.2.1
8.2.2
8.3.1
8.3.2
9.0.2
9.0.1
89.31
9.3.2
10.0.1
10.3.1
10.3.2
11.0.1
11.0.2
1.341
11.3.2
12.0.1
12.0.2
12.2.2
12.34
128.2

SAXSWAXS

Surface, Materials Science
Macromolecular Crystallography
Macromolecular Crystallography
Macromolecular Crystallography
Temography

Chamical Dynamics

Diffraction Imaging

AMO, Materials Science

Chemical, Materials Science
Correlated Materials, AMO

¥-Ray Fluorescence

MicroxXas

PEEM3/Resonant Soft X-Ray Scattering
Maolecular Environmental Science
Small-Molecule Crystallography
EUV Lithography, Mask Inspeaction
EUV Lithography, Photoemission
Coherent Soft X-Ray Science

High Pressure

Macromolecular Crystallography/Bio-SAXS
X-Ray Microdiffraction



SIRIUS

= 3GeV
= 13 beam linesin phase 1

= 280 pm electrons emittance
= Open to usersin 2018—>2019?

O CNPEM % ENFMC 2014 Courtesy of Julio Cesar, LNLS




SIRIUS: initial beam lines

EMA INGA
JATOBA (/L XAFS) |(IXS/Raman) CATERETE
CARNAUBA (HE-TXM) 2-24 keV 5- 24 keV (cSAXS)
(nXRD) 30-200 keV 2-24 keV
2 -24 keV
IPE
high res. PGM)

10 eV - 2 keV

SAXS
(IR-aSNOM) 5o
0.001-1eV

(quick EXAFS)
4- 45 keV

MOGNO

(nTXM)
4- 24 keV

3 GeV, 280 pm rad

2T Superbend
4T Wiggler
Short period undulator

Long period undulator

O CNPEM % ENFMC 2014 Courtesy of Julio Cesar, LNLS

Laboratério Nacional

LN I-S de Luz Sincrotron



Laboratério Nacional
LNLS de Luz Sincrotron
~+ SiFus

4 beamlines covering from 3 eV to 6 KeV
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Low energy synchrotron radiation at UVX T =wer

Spectroscopy

v' XANES
v’ XMCD
v' ARPES
v' XPS
v’ XPD
v’ PEPICO

Scattering

v' (M)RXRR
v' RSAXS

Imaging

v' PEEM

Energy (eV) Courtesy of Tulio Rocha, LNLS



C

I: g Laboratério Nacional

LN L_§ de Luz Sincrotron

v sirius

Soft X-ray Beamlines at Sirius ) cnrem

v' EPU with 50mm period ¥~ Multi-branches
v VLS PGM monochromator KB focusing

Topological insulators
Surface science

Solvated molecules
Correlated materials

Courtesy of Tulio Rocha, LNLS

SABIA IPE
(Soft Xray Absorption spectroscoy and Imaging) (Inelastic and Photoelectron Spectroscopy)
ToPVEW  sCwAGNET ARPES e \.r|.s-p:;.s TOP VIEW :2.:irm- ' 2.350" @ 5006V
__M . \,_L_: — Ex?: IIIIIII HFM l
= ——— ° e
= I VLSPG l e s s m +_.=-T:'ad# 8.8
ARPES, PEEM, XMCD/XMLD Ambient Pressure XPS (AP-XPS), RIXS
UHV condensed matter research Environmental conditions
v In situ sample preparation v In situ measurements
v Magnetism v Catalysis
v Multiferroic materials v Corrosion
v' Superconductivity v' Hydrated surfaces
v v
v v



Laboratério Nacional
LNLS de Luz Sincrotron

¥ ) cnPem
e

APXPS endstation

Commercial Spectrometer ~10 mbar

Aot bS. PTRMS (Scienta or SPECS) ’”tec’::;’;iisab’e
-rays — @
9as outlgt (S-x )I/EIectrostatic lenses P
. sampl | sample | ~
aser- = :__E;
mlet Flectron: differential
pumping
Probing interfaces Requirements:
Solid-gas Liquid-gas Solid-liquid Spot size < 10 um
' H§ E/AE ~ 5000
9

Ofbar

mbar

Courtesy of Tulio Rocha, LNLS



O CNPEM

RIXS endstation

LINL 5 de Luz Sincrotron

CCD detector

v’ Spherical VLS

v’ Electron Multiplying CCD

Source
v’ Variable 4-6 m arm ’ . . )
Spherical VLS grating Operatlon modes:
v" High resolution ~ 50000
v' High transmission
dedicated cells

For gases and liquids

Requirements:

Spot size <1 um

E/AE ~ 60000 @ 500eV

Courtesy of Tulio Rocha, LNLS



The Next Generation: The Free-Electron Laser

Electron beam fUﬂdUlﬂtﬂZUﬂdUlﬂtﬂr period Photon beam
HOH e B e e (R R e R e

I N ..

dump

TRARRGERORE

I I
(1) Spontanecus  (2) Modulation, (2) Bunching, (4) Overbunching,
amission axponential gain coherant emission saturation
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Fig. 2. Average brightness comparisons of the LCLS and other
light sources, including proposed FELs at Brookhaven [14] and
DESY [15].
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An operational vuv/x-ray free-electron laser
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Typical experimental geometry for

energy- and angle-resolved photoemission measurements

Up to 10-20 keV
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X-ray photoemission: some key elements

Up to 5-10 keV->deeper

Angle-resolved XPS (ARXPS)
' Three
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From UHV to multi-Torr

The Real World!
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MULTI-TECHNIQUE
SPECTROMETER/
DIFFRACTOMETER (MTSD)
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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
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Typical experimental geometry for
energy- and angle-resolved photoemission measurements
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TYPICAL PHOTOELECTRON SPECTRA:
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Core and valence photoemission
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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 Pressures->multi-Torr-> Atmosphere?

Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Basic energetics
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CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

W 1 (6Y,2) e Q(E,. ,x,y)

X

Level n/j
Atom Q
I(Qn¢j) =
- do,,.,.(hv
C (1., (6Y,2)p,(%y,2) —= J;}( 2 exp[ A(E E ysin B}Q(Em,x,y)dxdydz
0 Kin

I, (Xx.y,z) = x-ray flux
P.(X,y,z) = density of atoms Q — quantitative analysis
doan!j(hv)
dQ
A.(E ., ) = energy-dependent inelastic attenuation length
—» Effective Attenuation Length (EAL) —» Mean Emission Depth (MED)
X,V ) = energy-dependent spectrometer acceptance solid angle

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

O(E,

in?

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



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

I(Qn¢j) =

da@n!j (hV) EXP|: Z -
dQ A (E,, )siné
I, (Xx.y,z) = x-ray flux
P.(X,y,z) = density of atoms Q — quantitative analysis
do,,(hv)
adQ

C (1, (xy,2)po(%.Y,2) }Q(Ek,-,,, X,y )dxdydz
0

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

A.(E ., ) = energy-dependent inelastic attenuation length
—» Effective Attenuation Length (EAL) —» Mean Emission Depth (MED)

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

in?

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



ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

Photoelectron diffraction

., (xﬁy,z,é) I(Qn/ j)
y :
O\ P "1Q(E,;,,x,y)

‘ Level n/j ‘ ‘ Z

Atom Q
I(Qn¢ j) =
2 . do, .(hv,£) z
C Il (xv.z&)p, (xyz) —2 exp| — Q(E.. ,x,y)dxdydz
_‘[ hv( y )pQ( y ) dﬂ p|: Ae(Ekin)Sine:| ( kin y) y

I, (x,y,z,€) = x-ray flux, € = polarization
Pq(x,y,2) = density of atoms Q — quantitative analysis
do,,,(hv,&)

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

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

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

V, = inner potential



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

e- space charge: Photoelectron diffraction

Hellman et al. Il ixvee) = I(Qn_/.i)

(FLASH), Phys. Rev. ( s o LOQ(E, ,x analyzer
B 85, 075109 (2012); el 2y Y Y
Oloff et al. (SACLA), ----V,

New J. Phys. 16, . ;
123045 (2014); § AL\ p f(0s..c)
J.Sync.Rad.Res. 21, ‘ Level n/j ‘

183 (2014): Turn ‘

down the light! Atom Q
I(Qn¢j) = > Non-dipole effects and resonant interchannel
T - do (hV,g) Z
C |1, (%Y,2,€)p,(x.y,2) —4 exp| - Q(E,;,, x,y )dxdyd
lhv(xyz )Po(x.y,2) = p[ /\e(Ek,.,,)sinO} (E,. ,x,y)dxdydz

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

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 analyzer acceptance solid angle = transmission function

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

V, = inner potential



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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Single-atom resonant photoemission:
Ex. — Mn atom: Mn3d emission, resonance with Mn3p

——— Photo e~, E = 50 eV
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Photoelectric cross sections for O and Mn (Scofield)
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The differential do
photoelectric cross \Q

Photoelectron

section—dipole limit

*
pr=hk’

Radiation

Polarized-

Target atom/molecule

Unpolarized-

LR FOR ATOMIC~-LIKE EMISSION.
. AOMULED) opCEr) b
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UNPOLATUIZED : 9FwalE _ ¢»t$9[1+ 1pne(ER)( sin’ et~ 1)] _
an aw

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

of the radiation. In order for the dipole approximation to be
valid, the radiation wave length ) should be much larger than
typical target dimensions (that is, the opposite of what is shown
here).
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Differential photoelectric cross sections for filled nZsubshells, incl. non-dipole

dg(hv) a(hv) 3, Dipole _ Non-dipole 1+
_ner 7 — nA "/ h 08 . 5 ‘ : v
d$) AT 1+ 9 (3cos” 0 — 1) + (9,4 HGOS 0) sin 6 cos ,J

{I-DRi2EN+({+DI+2)Ri U E)

Bri( EN)=- —6l(I+ 1) Ry 1(ET)Ry_1(EY) cos [81.1(E) — di_1(EN)]}
= QI+ DR EN+ I+ DR 2(EN)]

Dipole do,, /dQ2 calculated from R,,, R, J,,, and 6,

B, = 2 } .

s
’ g%ﬂﬁg‘z‘é\-@v
-0.5 g& LJ

v,0=0 vylarge O large
*Guilleumin et al., Radiation Physics and Chemistry 75, 2258 (2006)
And for individual doy, 4 , /dQ OF A3y vz x2.22 xz_yz)IdQ?&
& o At v r
Goldberg, Fadley, Kono, J. Electr. Spectr. 21, 285-363 (1985) —->Nemsak et al.
# Gelius, in Electron Spectroscopy, D.A. Shirley, Ed. (North Holland, 1971) p. 311;
Solterbeck et al., Phys. Rev. Lett. 79, 4681 (1997)

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

/



Maximum: Maximum:
1.59(103%) 1.24(107)

Energy and i
polarization

dependence of LK

orbital-specific T Y .

Cu 3d,,.,, (hv=800 eV; E || [100]) Cu 3d,,., (hv=5000 eV; E || [100]

differential cross

Maximum: Maximum:

1,59(103) - 1.24(107) z

sections: Cu 3d,,., @
800 and 5000 eV

% v
=
Cu 3d,,.; (hv=800 eV; E|| [010]; Cu 3d,;.,, (hv=5000 eV; E|| [010]
Maximum: Maximum:
5.49(10%) 6.98(10°%)
Z

Nemsak et al., TBP; based on
equations in Goldberg, Fadley,
Kono, J. Electr. Spectr. 21, 285-
363 (1985); CSF and S. T ) | J
Nemsak, J. Electron Spect. 195, Cu 3d,,., (hv=800 eV; E|| [001' CU 3d,o,, (v=5000 eV; E|| [001))
409-422 (2014)




Energy and polarization
dependence of orbital-
specific
differential cross
sections: Cu 3d,,@ 800

and 5000 eV

Cu 3d22

Maximum: Maximum:
7.91(10%) ~ 7.93(107)
X ‘/8 Y
ey T
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Maximum: Maximum:
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X -~ |

, 3
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e

0

Cu 3d,, (hv=800eV; E||[001])
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% U Y
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Energy and polarization
dependence of orbital-
specific
differential cross
sections: O 2p, @ 800
and 5000 eV
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X
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e
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le
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE THREE-STEP MODEL

Photoelectron diffraction

., (xﬁy,z,é) I(Qn/ j)
y :
O\ P "1Q(E,;,,x,y)

‘ Level n/j ‘ ‘ Z

Atom Q
I(Qnsj) =
: . do. . (hv,) z
C Il (xv.z&)p, (xyz) —2 exp| — Q(E.. ,x,v)dxdydz
_‘[ hv( y )pQ( y ) dﬂ p|: Ae(Ekin)Sine:| ( kin y) y

l..(x,y,z,€) = x-ray flux, € = polarization
Pq(x,y,2) = density of atoms Q — quantitative analysis
doQMj(hv,?:)

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

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

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

V, = inner potential



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

|
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| o | 2. Transport to the
x..rg s Aehl/ 19 . 9 l_ Surface: inelaStlc
d A | hv = 1 scattering (A,)
— 8= and elastic
6., < < scattering (f(0)--later)

/< = —
%7, M. Excitation: differential
A photoelectric cross section (do/dQ)



More bulk sensitivity in photoemission

Inelastic Mean Free Path (A)

Tanuma, Powell, Penn, Surf. and Interf. Anal. 43, 689 (2011)
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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 Pressures—->multi-Torr-> Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Electron inelastic attenuation length in solids—the “universal curve”
Photoemission is a surface sensitive experiment
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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One-Electron Picture of Photoemission from a Surface
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Electron Refraction at the Surface Due to the Inner Potential
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Electron Refraction at the Surface Due to the Inner Potential
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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hv = 5.9 keV

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

Changing angle:

1st way to vary surface sensitivity
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TYPICAL PHOTOELECTRON SPECTRA:
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