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What properties do wave functions of overlapping
(thus indistinguishable) particles have?—electrons as example:

v =y(r,,s,;r,,S,), including spin of both electrons
But labels can't affect any measurable quantity.
E.g.— probability density :

> > > > 2 > > > > 2
|y/(r,,s,;r2,sz)| =|‘//(r2’52;r1!s1)| .y -
Probability of finding two

Therefore -
(7 5.0, 5,) = £1y(F, 6,0 §) electrons at the same point in
e f B space with the same spin is
=Poy(1,5,i1,:8,) zero: “the Fermi Hole”
P /\ ///—\\\
with P,, = permutation operator — r,,s,;r,,Ss, Y
i \/ ! 91 T \
and eigenvalues of +1 e Z-T \ /

Finally, all particles in two classes :

FERMIONS : (incl.e 's): w antisymmetric
1735 —
=E,E,Em Py =-1y ——
BOSONS : (incl. photons) : v symmetric
$=0,1,2,.. P,y =+1y

—the Exchange Interaction
—Hund’s 15t rule & magnetism




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

¥ ~ @ = Slater deter minant r;gasg?n ! ig(eT;Sc;rz[?( 1y

1 ¢1('_;1)Z1(0'1) ¢N(F1)ZN(O'1)

m ¢1(FN)Z1(O'N) ¢N(FN)ZN(O'N)

and also require orthonormality of one-electron orbitals
[4/(7)g,(F)aV =5,

Minimize total energy— Hartree-Fock equations:

H(F)$,(7) = £.4,(7); i =12,..N  (42)

£ = glp n ZJ’_J_ _§ms_ ms.K’_j (47) > One-_electron energies
M or 1L or eigenvalues

j=1
One-electron integrajl: ~ binding energy>
P

. 1 Z . Koopmans’ Theorem
g =(g(F)|-=V:-> =£|¢.(F 48
| <¢,(1)| SV Zn 14(F)) (48) Note-K, ofiah
Two-electron coulomb integral: J; in solid-state
- -~ - * - * - 1 - —
Jy =(#E) 1T, 16/5)) = [[6/F)g; ()4 (F)g, ()avidv, — (45)
Two-electron exchange integral: 12

K, =(8,(F) 1K, 16,(F)) = [[4(F)g;(F,)—¢,(F)g (F)dvVdV,  (46)
r.

Lowers energy—"attractive” 12 Paper [1]--Basic Concepts of XPS

(35a)

with

A first try at many-electron wave functions:
The Hartree-Fock Method



Basic energetics—Many e- picture

Vacuum __ =Fermi
hv = Ebinding + Ekinetic =E binding + ¢spectrometer

e

EVcum Qnsj,K)=E, (N-1,Qn/j hole,K)-E, .. (N)

binding ini

+ E

kinetic

Relaxation/screening

+ photoelectron @ «
Kt state\ \ I E,..,=0

EVacuum (Qn/j, K)

binding

Atom Q l




BINDING ENERCIAY o KOOPMANS' THEOREM .
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LOOGPHMANS' THEONEM CALCULATION OF SHIFTS

- Carbon s - CoeRE
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Figure 18 —- Plot of carbon ls binding energies calculated via
Koopmans' Theorem against experimental binding energies for several
carbon—containing gaseous molecules. For some molecules, more than
one calculated value is presented. The slope of the straight line
is unity. The two scales are shifted with respect to one another by
15 eV, largely due to relaxarion effects. All of the theoretical

calculations were of roughly double-zeta accuracy or better. (From
Shirley, reference 7.)

Paper [1]--“Basic
Concepts of XPS”
Figure 18



“PHoTorLecTRoM EMissioN-
BASIC MATRIX ELEMENTS + SeLEcTionN RWLES :

® ATorie-LIE (LOCALIZED) STATES = CORE: (c:’)::iis:-ll-::= A
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PR Y A A
® RADIATION PoLARIZATION ! Err= E- (*;*‘H*t‘)

e — ‘

-
€y Y
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o Y¢_1_m, 1(9- @)+ )1=1,m,=—1 (0,4)
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Atomic orbitals:

: ComiEx, \F m#£ 0
TABLE 6.1 r

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FOR n = 1, 2, AND 3*

(=13 HYDROGEN)

& m ch S, ) Rpa(v) l v.6.d)s i
1o 0| 1T 3 2, L e y By
“.5 2x 2 ay” J;agﬂ
2 0 0 1 1 1 ( r) B 1 ( r) "
— —_ —_— (2 - —) e —_— (2 ——] ™%
28 V2 V2 2V2 &7 ag 4V2x g a
21 0 1 J6 o e 1 r
= R s G O —— — "% cos 0
”e V2 2 i 2V6 a3”? ag 42x aa"z ay
2 1 %l 1 V3 T - 1 i
s i s = ri2ay — p—rl2a, g et®
2044 P o, 26 a3 ao 8Vr @2 ap LT esing e
3.0 0 1 1 2 r 5, 1 r i
3g E 7 Bl\@ﬂé’q@?_ 18a0+2a§)e o 81937 a” 27 18a0+2a§ e
301 0 1 V6 4 ( r) r NG} ( ,) 7
R—— — cos 6 6 — — _e"ﬂ% el [ P [ —ri3ay 0
3P, Vox 3 o 81V @” \\ @/ a 8Wx a2\ a)a’
301 1 1 V3 4 ( r)r_m 1 ( r)r_m‘
= e*"® —sin 6 6 ——)—e % —_— (6 — — | — "™ 5in § £=**
3 Vax 2 81v6 a2 ay/ ag lef_aé‘."2 ay/ ag
3 ’2“ 0 1 J10 4 Pt
3d N 7 G0 mD | S cara SIJ_ao g7 et =
€ L§ . 0
32 o+l 1 ” J15 4 2 1 Y e ;
—— e i e ———— = ¢~ sin 0 cos § e**
3421 T > sin 6 cos @ 81430 27 a° 81vVr a}? af i
32 %2 1 Jis | 4 r’_,_w L ey it g ki
—_— —e " e T "y gin® § e
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*The quantity a, = 4xe,fi’/me® = 5.3 x 107" m is equal to the radius of the innermost Bohr orbit.
S —— e
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MALING THE AToMic ORBITALS REAL (E.G.,
FOR CHEMICAL Dond/NG) "
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- Maximum
Filling the : 7 Occupation

Atomic Degeneracy
- 2
Orbitals:

+ 14 for nf



And the same thing for the d orbitals:
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Intraatomic electron screening
in many-electron atoms--a simple model

POINT CHARGE (~€ ) + SPHERICAL SHELLS

OF @ CHARGE (~oABITS) ARsuND PoINT-

CHARGE NUCLBWS =d ~ ATom

NEWTRAL

In many-electron atoms:
For a given n, s feels nuclear charge

more than p, more than d, more than f

Lifts degeneracy on 7 in hydrogenic
atom
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Intraatomic
electron screening
in many-electron
atoms--a self-
consistent Q.M.
calculation

Plus radial one-

electron functions:

Pn/(r) EarZ(r)

Eplus)= Y0&V

~& ¢.SeV
Clys= 2o yionee

(E3q=13.4€V)

" = Zefer)
e ="

= SCREENED ATomic TOTENTIAL

CoRE

Ep(3p)z T0.2&Y
P3plr) (=83, = 0.5 V)

(eV, Lo & SCALE)

Senssnsd PorsumnaL «Bw NG EnNBRCIES

€Ep(3s)=z 2.5V
(~€35=136.3eV)

EFFscTive POTENTIAL % BADIAL
WAVE FLNCTIONS OF ATOMIC COPPER
Puglv) = Ryglr)evr

- )E;(h): 2.3eV
2p°" (~ 22y = 202.2.€V)

Cu 1525 25"

Ey(2s)= 1,017 eV 3s*3 3¢ %ust

_ i ‘Pz'(r) (-8,,= 9923 V) S=Y2 L=0

2,000 Nag#
=4,000

COPPER

& ‘P, () E.(1s' = b.‘l'l‘l eV n=N DISTANCE

v S (-eqg=8,9v3€V)
't“o. [ 1 [ 2 i i
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~ 0B3ERVED (¥ CALCWLATED) ORDER OF EILUNG
ATOMIC LEVELS ! o
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PIGURE 7.13  The sequence of quantum states in an atom. Not to scale.
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TRANS TON, METALS

s~ P

H! He?
5.1- Periodic Table, with the Outer Electron Configurations of Neutral 'P' Pz’ Pa Pq ?s
1s Atoms in Their Ground States
Li? Be' The notation used to describe the electronic configuration of atoms S ce N7 o* F Ne'
and ions is discussed in all textbooks of introductory atomic physics.
, The letters s, p, d, . . . signify electrons having orbital angular . 1.
25 28 momentum 0, 1, 2, . . . in units H; the number to the left 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 | oy Jgju  |pis g6 cr Are
superscript to the right denotes the number of electrons in the orbit.
1T 42 43 % 48 46 47 8 % 10
3s 3¢* ‘ d d d. d d d. d d d- 3s23p |3s*3p* | 3s*3p? | 3s?3p* | 3s“3p*| 3s*3p*
K* | ca® | se* | Ti# | [ICu’lll Zn» | Ga*' |Ge™ |As® |Se™ |Br* |Kr*
3d 3d* 3d"*
45 4s? 4s? 4s? 4s® | 4s*dp |45°4p® | 45%4p’|4s%4pt | 4s*dp® |45 4p°®
Rb* | Sr™* y 39 rdal Cd* Int® Snd0 Shs! Te5? 153 Xest
4d 4d* 4d"
5¢ 55* 552 5s? 552 | 55’5p | 5s*5p*| 5s*5p° | 55"5p* | 5s*5p°| 55*5p°
Cs3 | Bast La%? Hi?2 Hgso T8t Pb®? Bi® Pott |AtH Rn?s
4fi4
5d 5d* 5d*
6s 6s* 65 6s? ! s Ml 6s* | 65°6p | 6s%6p?|65°6p” | 65*6p*|6s*6p* | 65*6p°
Freo | Ra* | Ac* Y L) PIELINGE oo
cesu Pr3¢ Ndﬁﬂ Pmsé! Sm62 Euss Gds! Thts Dyﬁb' HOST Erﬁs Tmﬁs Yb?
6d 4f‘2 4f3 4f4 4f5 4](‘6 4f1 4)('1 4)(‘5 4fm 4ft| 4f|2 4f13 4f“ 4f14
Ts 7s* T8
* 6s* 652 65> 6s? 6s? 652 6s?
[J= excermons | - | e fu- Fmieo| Md™ | No'

S>d&7+ Ay, FILLED /F1LeeDdD MoOoNns STABLE

éaf; 6d | 6d

s> | 5

Tk 7s? 78 7s* (i 7s?

L | RARE
sd EAATHS

LrI03 m.




- ® SPIN-ORBIT SPLITTING OF LEVELS:
S&ws e’
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Some SPN-0BIT SPLUTTNGS: (i eV )
2 —Z=13(A2)  28(Ni) 96 (Pa)

“ow 0.4 7.8 151.0
%‘7‘ tPS/a_ ' )
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Z \'8 Ly B T.0 oY
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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 ClI,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

. i‘é;::;‘;n Element K s Ly2s  Lylpys Lalpan  Myds  Mydpyn  Maipas
1s I H 13.6
152 2 u..: %4.5: Mlssmg
152 25 3 Li 54.7%
152 252 4 Be 111.5° \ valence
5B 188*
::zzﬁ ;;:2 6 C 28425 Valence levels B.E.s
1s22922p3 TN w098+ 313 ~9 ~9 Interpolated)
152252 2p4 5 0O 543.1%  416% | ~13 ~13
152 252 25 o F @67+ [Ta3 — S| extrapolated
152 252 26 10 Ne 870.2= 48.5% 21.7¢ 21.6*
[Ne] 39 Il Na 10T0.8F  63.54 3065 30.81
{Ne] 352 12 Mg 1303.0¢ 887 40.78 49.50
[Ne] 3523p 3 Al 1559.6 117.8 7295 72.55
Ne) 3s23p2 14 Si 1830 149.7%b 0082 *42
Ne} 3s23p3 15 P 2145.5 189" 136* 135 Valence levels
[Nej 3s23p4 165 2472 2309 163 6" 162.5
[Ne} 3s23p5 17 Cl 8224 270" 2020 200
[Ne] 3523p8 18 Ar 32059% 3263 25064 24540 203w 15.9# 15.7=
[Ar] Y 19 K 08 4= ATEA® 2T 3 24 6% LR 8.3 |8 3%
[Ar) 452 20 Ca 4008.5% 43844 3407+ 346,24 43¢ 2544 25 44
21 Sc 4492 408, 0% 403 6 108, 7+ 5L.1° 28.3° 28,3
22 Ti 4966 S60.0% 460.2% 453 84 5874 32.64 32,6+



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

Element K s Ly2s  Lylpyr Li2pys  Myds  Mpdpys Madpys Mgddas Ms3dsy  Npds  MNadpya  Na4pan
23 v 5465 6267t S108F  SI12.14 66.3% 17.24 1724

24 Cr 500 6960t  SE38F  STALY 414 4224 422¢

35 Mn 6530 76001 649.9¢  638TH 82,34 47.24 4724

26 Fe 7112 2146t TI99F 7068 9134 5274 52,74 Valence levels

27 Co 7700 9251 79324 7RI+ 10104 58,0t 50.94

28 Ni §333 00R6t  §T0.0F  ES2TF 1108% 68.0% 662+

29 Cy 8070 10967+ 9523 9327 122.5¢ 7.3 7514

30 Zn 9650 1106.2*  1040%  [021.8%  1308* 01 4% 88 6 10.2% 10,13

31 Ga 10367 12900%h  11432¢  11164%  1505%  103.5¢  100.0F 18.74 18,74

12 Ge 11103 4146%  IM481% 12070%h 1801F 12495 1208° 20.8 20.2 Valence levels
33 As 11867 1527.0%b  1350.1%h  13236%h  2047¢  1462%  1412% 41.7% 4172

14 Se 12658 1652.0%b  14743%h  14339%h  2206% 1665 1607® 55.5% 54.6°

35 Br 13474 1780% 1506% 1550 257% 189 |82+ T e

36 Kr 14326 19021 17300 16784% 2028 2022 2144 05, 0% 93.8% 27 5% 14.1% 14.1%
37 Rb 15200 2065 1864 1804 267F METE 2M0E 1A 112e 0.5e 16.3* 1533
38 Sr 16105 2216 2007 1940 ISETE 2803+ 2700¢ 13604 134.24 38.0¢ 213 20,14
30 Y 17038 2373 2156 2080 W20eh 306 2988F  |ST74 155.8¢ 438" 2443 231
40 Zr 1708 2532 2307 2223 H03% 33SF 398 I8L1¢ 1788 50164 I8 5t 2714
41 Nb 18086 2608 2465 237 Ae66¢  ATe 3606F 20504 20234 5644 0.6t 08¢
42 Mo w0000 2866 2625 2520 s063%  41L6t  3040F 23114 22794 63.2% 1764 3554
43 Te o 3043 2703 67T 5445 A47.6 4177 257.6 2539 69 5% 423 399
4 Ru 2117 M 2067 2838 86,15 48350 46148 284.2¢ 28008 75.0¢ 463 432¢
45 Rh W 3412 3146 3004 62819 S213t 4965 31L9F  307.24 Bl4*h 505t 473¢
46 Pd 24350 3604 3330 3173 6716¢ 5500+ 5323F 3405 33504 87.01%  5574a 5094

380G 3524 3351 T19.0% GO3. 8% 373.0% 374.0% 683 ar.0f b3, 7f 58.3%

.
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=
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The quantum mechanics of covalent bonding in molecules:
H,* with one electron

Q.= (Dantibonding,

-
- ¢1sa - ¢1Sb 0 prgﬁ)‘n a proton b
SR :

electron®
energy

A
Bineing
energy

(D)

elegtyro%

;liquilihrhum
separation =R

FIGURE 10.2 The net powen
tial energy curve, showing the
equilibrium  separation and
binding energy.

FIGURE 8.4 (a) Potential energy of an electron in the electric field of two nearby protons. The total energy

of a ground-state electron in the hydrogen atom is indicated. (b) Two nearby protons
correspond quantum-mechanically to a pair of boxes separated by a barrier.




M. MOLECULAR ORBITAL DRAWINGS : 61

1. Hydrogen | H Hb Symmetry: D.op

N Anti-Bonding

]
) MO ~ -
¢anti = ¢1sa ¢1sa

e positive
(ungccupied)

e negative
(occupied)

MO ~
¢bonding = P1sa + D1sa

104 €=-0.5944 a.u. = -16.16 eV
(Compare — 13.61 for H atom 1s)



THE ELECTRONS (N CARBeN moNoXDE . Atomic orbital makeup

15. Carbon Monoxide Symmetry: Coor , Z
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“PHoTotLecTrRON EMiSSiION-
BASIC MATRIX ELEMENTS ¢ SeLECTION RULES:

® ATorMie-LIkE (LOCALIZED) STATES = CORE:
Vi(F)= B g, (70 D) = Ry (1)), (0.8)

-

g ©.(Tk,)= 'f, (RE)

m i’ ¥ Puase sHIFT of 8, wave w Vi)
\ -Ef' = ‘anh" A ‘4}5 (8, é )Y te,cb)R v)
Wr) Leime = F %l
DIPOLE . INT. oc [ |- rl'f>|=|3'(\°.;l;' w¢>|=<é 4-4,= 51
Two enaks
Amz=m.-m;= 0,4
EQWIVALENT ? e
WITHIN CONSTANT LINEAR. raum‘..
FRETen. YVir) <Anu. =4 circu-

LAR POLARIZATION

® BLocH-FunNchion (DECocALI2ED) STATES => VALENCE :

9 ()= u;‘_c?)ei ;¥

4 T | a.a
G s up @ et e T fk wiuau
¢ 2m 2m NEGuUG,
& -

WL |<?,_|£-i>’l‘!a>|:=|§-<‘f¢|Fl‘fa>l?=>ék= '-,,--‘:"'"‘i*-';rg;n-
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And the d orbitals are not equivalent
in different bonding environments:
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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.
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Fig. 12.14. Charge density contour plots appropriate to Ni(100) ¢(2

x 2)-CO: (a) free molecule 5¢ orbital; (b) free molecule 2x orbital; (c)
difference between CO/Ni(100) and the superposition of clean Ni(100)
and an unsupported CO monolayer. Solid (dashed) lines indicate a
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The Soft X-Ray Spectroscopies

Core PE

Valence PE |e-
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Core

PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscopy
XES = x-ray emission spectroscopy
RIXS = resonant inelastic x-ray scattering / x-ray Raman scatt.
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)
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Variation of Near-Edge X-Ray Absorption Fine
Structure (NEXAFS) for Different Polymers
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sl 1 he Soft X-Ray Spectroscopies

surface
o ’
sensitive ,

,/ Valence PE |e-

~~———’

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
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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
level, ¢;, provided ¢s — 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 ClI,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

. i‘é;::;‘;n Element K s Ly2s  Lylpys Lalpan  Myds  Mydpyn  Maipas
1s I H 13.6
152 2 u..: %4.5: Mlssmg
152 25 3 Li 54.7%
152 252 4 Be 111.5° \ valence
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::zzﬁ ;;:2 6 C 28425 Valence levels B.E.s
1s22922p3 TN w098+ 313 ~9 ~9 Interpolated)
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152 252 25 o F @67+ [Ta3 — S| extrapolated
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[Ne] 39 Il Na 10T0.8F  63.54 3065 30.81
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[Ne] 3523p 3 Al 1559.6 117.8 7295 72.55
Ne) 3s23p2 14 Si 1830 149.7%b 0082 *42
Ne} 3s23p3 15 P 2145.5 189" 136* 135 Valence levels
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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



THE AUGER. PROCESS

TwWoO - STEP PRLCESS. ayy

TWO - WoLE FINAL -
STATE. :
NO STRONG SELEC. _

i RLULES. [of A4 :
EPOSIVE | o hmpcex specTea, ) SfAUSer k. ,
cec ' OR THE X-RAY EMI1SSION
“PROCES'S (FLUORESCEME)
TTTTTTTTTToT[TToTTTTTTos fomoooooos Vacuum -+ — — o '
61 V o
! Valence €5 hy S-E5+ €
. 63
£ negative Or more accurately:
core ) =
@ hV - B-E-5 - B-E.3 or core
s L]
%,
” € Two-STEP PROCESS
Core ST we ONE-MOLE BaAL
—| €5 STATE |
StroNG DIRKLE 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 s — 2¢;, > 0. '
,t - Ls'mnn Seeerra



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
e Photoelectron spectroscopy/photoemission: g (free)
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1.3 FLUORESCENCE YIELDS FOR K AND L SHELLS

Jeﬁi-ey B. Kortright "

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 K shell and

If fluorescence yield = FY

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

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

Fluorescence yield

Fig. 1-2. Fluorescence yields for K and L shells fo
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COUNTS PER CHANNEL

27:-:15

4 g8 W v
. HOLE HoLE HOLE  HolE! 3P112,312
W r—r——7 7 " DR Vi S PR Kp |
3 K KL KL KL® (kL) s 3s
- a4,,=1,253.aV 3 q>| 172
i 7 © n < (3p) —
3 ~ E,(Mg 1s) - E(Mg 2p, 5 35) ] 2 o o o S
4 =1303.0 - 49.7 = 1253.3 eV " N N N %
10% - 4 w o o o &
: T T
S T N N B
VALENCE qra-b‘lsg -~ —12p
1Hee | 4“4 @ O OOCKO 2p3’2
1 Z 172
3113
1. B 2s4)
<
sl
L
(0
1o 15452
Mg K series of x-rays:

et = . el 002 atomic no. =12

AE, RELATIVE ENERGY (eV) Fluorescence Yield ~ 0.03
A STANDARD LABORATORY Y-RAY SoURCE “Basic Concepts of XPS”

Figure 2



sl 1 he Soft X-Ray Spectroscopies Jiiiiads

surface a “bulk”,
s S e o
sensitive , — deeper
,/ Valence PE |e- Core PE| e, o l:\terfaces
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PE = photoemission = photoe‘l'eetrqn.spect-rdscopy
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 — = = — =
e X-ray emission: - , ¥
[c|é e (p,(1)|F|p, (1)
Dy
Vacuum- — — — -
e Resonant inelastic x-ray scattering: hv Einc ¥ (N) :V =AE
V-

) '

I oC z Z<Tf(N)‘éemi .F‘\Pm(N)><\Pm(N)‘émc ¢ F‘\PI(N»‘ % ﬁee/emi

va hv +E,(N) - E,,(N)-il,, 2L ¥(N)

x8(hv — (E,,(N) - E,(N))) \ Fi(N) =5
2r t t

Nm (t) = Nm (0)9_ ﬁm — Nm (O)e_Tlifetime




X-ray
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1-14

N = =N 24d2
X-Ray N =] ~ =n; 4Rs2
Nomenclature v .
(from “X-Ray M;‘ —= = ¥ == zmg;3p§g
Data Booklet”) M1 =381
B3 By B L |og o BifB2is € M Aj=0a:|:1
In general:
_nl. . A WY |  .=9
Spin- | j=1+1/2 | Y Y~ 3T4D3);
n A@nljﬂ-wz ENEE L2 =2p,,
— L1=2s)
K
2 O See Section
1.2 in “X-Ray
Data Booklet”
YYVYYW Ky =1s

Fig, 1-1. Transitions that give rise to the emission lines in
Table 1-3.



Electron binding energies

Element K 1= |-| 2s |.1 lp L2 |._1 IP].I'E F|-'|| 3% hll .1|J-|ﬂ Flrh, .?p_]_.'l H'I.l. .1{|_'.|,_.'1 Flrl.', .?d_.',ﬂ
23V 54635 626,74 S10.8% 512.1% a3 f 37.2% 1T2%

1 SOR0 % SR8 574.1% 74.1% 42.2% 42.2% .

24 Oy 5080 G060 AEIEY S -1'| I == — > lef. - 11.2
25 Mn 6330 Th9,1% 649 9% 638 T4 82.3¢ 47.2% 47.2%

26 Fe 7112 B4 6% T19.9% T06.8% 91.3¢% 52.7% 52.7%

27 Co 7709 025.1% TO32% TTE.1% 101.0% 58.0% 50.0¢%

28 Ni 8333 |O08.6% 870.0% 852.7% [10.8% 68 0% a2 ¥

20 Cu 8070 |096. 7% 952.3% 932.7 122.5¢% 77.3% TA ¥

30 Zn Q6E50 | 196.2% [ 044 0= [02].8% |10 B* 0] 4% 88 .6F [0, 2% [0.1#

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

Element Koy Ko KB Loy Loy Lp LB, Ly Moy
22 Ti 4,510.84 4,504.86 493181 4522 4522 458.4

23V 495220 4,944.64 5,427.29 5113 511.3 519.2

24 Cr 541472 5405509 5,946.71 572.8 572.8 582.8 .

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

26 Fe 6,403.84  6390.84 705798 7050 7030 718.5

27 Co 6,930.32  6,915.30 7,649.43 776.2 776.2 791.4

28 Ni 7.478.15  7,460.89 8,264.66 851.5 851.5 868.8

29 Cu 8,047.78  8,027.83 8,905.29 929.7 929.7 049.8

30 Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 1.034.7
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The five ways in
which x-rays ®
Interact with
Matter:

Cross section {barns/atom)

Fig. 3-1.

I I | | l [ ]

Cis "ed,o" Five precesses
o Tha x-u”h.ﬁm =
wlevreoction

M = Photoelectvie ef fact . =

e € smrnet Ee- mnarde

Gtot, experiment

Cowmp 'l'rn G‘F&G't

Total photon cross section o,y in carbon, as a Junction of
energy, showing the contributions of different processes: T,
atomic photo-effect (electr.n ejection, photon absorption);
Ocon: COherent scattering (Rayleigh scattering—atom neither
tonized nor excited); Oince » [NCOherent scattering (Compton
scattering off an electron) «,, pair production, nuclear field;

Ke. pair production, elect n ﬁeld, o, Photonuclear absorp-
tion (nuclear absorptic. . sually fo!ﬁ:w d by emission of a

neutron or otrer particle). (From Rot‘ A f igure courtesy of
J. H. Hubbez’/ )
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