X-ray absorption

Excitation of core electrons to empty states.

Spectrum given by the

2
5Ef -E,-hw

é-r‘¢i>

I ~zf‘<c1>f

X-ray Absorption Spectroscopy
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Charge Transfer Multiplet program

Used for the analysis of XAS, EELS,

Photoemission, Auger, XES,
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Atomic Multiplet Theory
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Atomic Multiplet Theory

H =&§+Z%ﬁ+ D+,

pairs N

Atomic Multiplet Theory

<2S+1LJ |%|2S+1Lj>=2kok
k

Electron Correlation of Valence States

1 rk

iz "’1*"21: o 2k + 1 A7

Ee= <1112LS 1112LS>

=2 (hF* £ 6:GY
k

Y. Y,
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Weissbluth, Atoms & Molecules, chapter 21

Atomic Multiplet Theory
25+1 e21285+1 _ k
(L 1P ) = D F
k
Electron Correlation of Valence States

H,ron = z%"'zg(’}) L+
N

pairs

Valence Spin-orbit coupling

Atomic Multiplet Theory
25+1 o2 125+ _ k k
(PTL L) =Y FF Y 8,6
k k
Core Valence Overlap

H,ron = z%"'zg(’}) L+
N

pairs

Core Spin-orbit coupling

Multiplet Effects

1s 2s 2p 3s 3p

0.07 5 8 13 17

Core Valence Overlap

0 0 17 0 2
Core Spin-orbit coupling

Term Symbols (LS)

2S+1 L
L Azimuthal quantum nhumber
L= [y, 1=l 1], .. ly+ly 3d: 1=2 3d% L=0,1,2,3,4
S Spin quantum number
S=[34-S,], [S1-So+1], ...S1+S, 3d: s=1/2 3d?: S=0,1

m,_magnetic qguantum number
m=-L, L+1, ...L 3d: m=2,1,0,-1,-2

mg spin magnetic quantum number

mg=-S, S+1,..., S 3d: mg=1/2, -1/2 (T,d)




Term Symbols (LSJ)

2S+1 LJ

J Spin quantum number

J= |L-S|, |IL-S+1], ..., L+S 3d: j=3/2,5/2 3d?: j=0,1,2,3,4

m, total magnetic quantum number

my=-J, J+1, ...J
3dgp: M=5/2,3/2,1/2,-1/2,-3/2,-5/2

Term Symbols

- Term symbols of a 1s'2s? configuration

«1s’ —  2§8,, (S=1/2, L=0, J=1/2)
«2s' — 28, (S=1/2, L=0, J=1/2)
«1s! 25t — Syor=0o0r1

= Lor=0

— 1§, + 38,

[Z(2J+1)=1+3=4]

Term Symbols

» Term symbols of a 1s'2p' configuration

«1s' —  28,, (S=1/2, L=0, J=1/2)
+2p' — 2Py, 2Py, (S=1/2, L=1, J=1/2,3/2)
+1s! 2p! — Sqor=0o0r1

= Lor =1
— P, + 3P, 3P, 3P,

[Z(2J+1)=3+1+3+5=12)]

Term Symbols

» Term symbols of a 2p'3d! configuration

+2p! - 2Py, 2P5, (S=1/2, L=1, J=1/2,3/2)
+3d" — 2Dy, 2Dy, (S=1/2, L=2, J=3/2,5/2)
+2p'3d! — Stor=0o0r1

—Lir=1or2o0r3

— P, + 3P, 3P, %P,
— D, + 3Dy, 3Dy, 3D4
= IR = &Ry, R, 8

[E(2J+1)=3+1+3+5+5+3+5+7+7+5+7+9=60]

Term Symbols

» Term symbols of a 2p? configuration

Configurations of 2p?

1T ] 0T [ 11|

1l ol |17 | of | 17T
11 ] 0l |1l
1T ]oT |17
11 0l |1l
1T ] oT |17
11 ] 0l |1l




Term Symbols of 2p?

Mg=1 | Mg=0 | Mg=-1
M=2| 0 1 0
M=1] 1 2 1
M=0] 1 |wwews 1
M=1] 1 2 1
M=2| o 1 0

LS term symbols: 18, 1D, Sp
LSJ term symbols:

Term Symbols

2T |17 |oT | 4T | 27
20 |1l | ol | 1l | 20

2T |17 | o7 | 1T | 27 | M=4
20 | 10 [0l [ Al | 20| Ms=0

27 | 17 | oT | 1T | 2T | M=3
20 [ 1L ol | 1l | 2l | Ms=

M,=4
'Sy 'D, *P, %P4 %P,

Term Symbols Matrix Elements
2p2-configuration: 'S, 'D., 3P, 3P4, 3P., 28+ o2 128+ . k k
p*-config o, D2, °Po, °Py, %P (7L 1L ) =Y fF Y 8,6

k k
1s? 2s?

3d2-configuration: 'S, 1D,, 3P, 3P, 3P, ,
'G,, °F,, °F5, °F,

('S| =] 'Sy = F'(1s25) + G*(1s2s),
12

(‘S|l‘_:—:] 'Sy = F(Is2s) — G*(1s2s).

Matrix Elements Matrix Elements
Ik BN ko bY[lg s L
28+1 212841 k k oty o V([ )b b L)
< +LJ |f1—2| +LJ>=kaF +ngG s Rl R [n 0 ()J(() 0 ()][/‘ I, k]'
k k P R | R
general £ =0 T TN [() 0o oJlo o ofly, 1, k[

f = (21, + DL + D(=1)* b & hits £ 5 JVI‘ h L]
Je=h+ NG+ 10 0 ollo o o L 4 kf

= (24 + DL + D(=1)° by &' B UG G T
&) SN TR TN ol & iy ok R

0 0 0

1S of 2p? 1,=11,=1 k=2 L=0

f(,s)_(,ml 21201 10]_ 2 1_2
2T o o oflo o oJlt 12 15 375




Matrix Elements

Matrix Elements

f, f, Enere
3 2 ( ) 5 ‘ ¢ ’%—u—
fi = @1 + D@L + D(=1)* EELEE JI' b Ll. q FJ'_ 0.62F*
2 00 o0Jlo 0 o), , kf s lof2 20 o 102-2: 0} 7 046F"
71222 ° 712 2 4 '
= (21, + DL + D=1)° h k byfh ko Lk Lo L
ShEeT TR T e o ks o e A el pi  BE2 1! v 022N o oo
3d? 1,22 1,=2 k=({2,4} L={0,1,2,3,4} o DE o v T W 0015
f, _10_.f2 2 L P Phig W Thay e e
k 2 9 Tl % 4 1 5
L L : 10f2 2 4 10{2 2 4|
G _?__“ 2 2 4/49 T“ 2 4 17441 O08F
Matrix Elements Matrix Elements of 3 electron states
302 =2 > Kpa=4 fo, f5, f, N0 exchange

<2s+1LJ |f1—2|2S+1LJ>:kaFk +ngGk

Calculate energy levels due to e/r integrals
(45x45 matrix blocked into irred. Representations)

Relative | Relative
Energy | Energy

'S F+2/7F +2/1F 0.46F* | 4.6eV
3p F +321 FP-421 F 0.02F*| 02ev
D F - 3/49 F? + 4/49 F* 0.01F*| -0.1eV
°F F - 8/49 F2 - 1/49 F* 0.18F* | -1.8eV
'G | P+449F + 1/441 F 0.08F° | 08ev

|d"[LS]) = ZC |d"~'[L,S,1d").

8 273 ’ 7 2r3
—\/%N[P]d)—\/%ld[ﬂtl)

Term Symbols and XAS The CTM4XAS program

-TiV ion in TiO: \ { \

-Ground state: 3d° CT™M ‘74 3.1

-Final state: 2p>°3d" CHARGE TRANSSER MULTIPLET CALCU

-Dipole transition: p-symmetry FOR XRAY ABSORPTION SHECTROS

-3dO-configuration: 1S j=0

-2p'3d°-configuration: 2p®2D = 13PDF i=0,1,2,3,4

-p-transition: P Aj=+1,0,-1 20Ty
S

'grOUnd State Symmetry: 1S 1SO ( £k 9o \fﬂ mﬁ onk 1. Geoot, 2008-2010 nsis

-transition: 1S®P=1P iies e Masruicel ipechescepy, Ureck Univrty/ Nesiona Sychvobon Ught Source

-possible final states: 'P 'P,,3P,,3D;.




The CTM4XAS program

Coodete Mot Heo
Coregurston

o Tig, 8 ks i
Il s2ade 2906 X005 Vi st
Fiows siate 290% X00 Fow ot
Sl o 100N (%) Zon-arte coging
"0 10 10 10 10
. Fpa Opo Core Velerce
Crysiel T v ameter's (6') Crawge vansier parwneters (0)

o
wea[ o0 [ o
L B

L =i
T e

™ Charge trarater

v [T e
wa[ T [0 e

wT [
l’"‘fl
[ e

Lorereom teonderg

[o o Caalw
Gmasan trosining

rrx
Energy rwge (o)
[0 [0 I fece

1™ Suppress mchn
|

2p XAS of Ti0,

i

&2 & &5

Errgy SoV

&8 &0 &2 a4

) CTMAXAS 5.1 2

Coodate Mt helo

The CTM4XAS program

Coregaston Pty
= Tis+ EI s E pe
i sade P06 X% Vo sl sl =)
e R

Sater rto 10O (%) Zon-orte coging =X

L Fpa Opa Core

Vierce

Cryiel T par ameter s (8'7)

Crawgs Fanster parwmeters (0
™ Crarge racater

o [T

Lorertom troadereg
(o o Ceawe
o trosiring

| oz

2p XAS of TiO,

L

a5 [+ w0 [0 wew rwfo
B e ||l A e |
o) nss =i I——fl .W: o 01
.mm 4 L| I;»’y.‘ &0 82 &5He &5 &8 &0 an 474
Enwrgy JoV
The CTM4XAS program 3d° XAS calculation
2ol 0
Coodate Mt helo - .
Corvgurston = Poeeg
=1 Tis+ S Ses | E o .
i e P00 X005 Y e j —1 z
Fiow siate 2F0% X006 Pl stods 2
Shaler Ptor s 100t (%) Son-ort cocng ;J lj "
0.0 00 0.0 0.0 00" wanm iz 2 T e T e
. e o wore veRoe ey (V)
T | ST o -’
b tate Fined siate [ Gaansan brosinng
woa[ o [ o | CmTRT [T aew oz :
L el wa[7T [50 ue rlo ;
afTe | | ||l e | (SR
M () fu - g ‘ ‘ ‘




2p XAS of Tio,

als3ti4a.org (all zero)
1 ENERGY MATRIX ( LS COUPLING) J= 1.0
1 1 1
(2P) 3D (2P) 3P (2P) 1P (
1 2 3
1 (2pP) 3D 1 464.811 0.000 0.000
1 (2P) 3P 2 0.000 464.811 0.000
1 (2p) 1P 3 0.000 0.000 464.811
EIGENVECTORS ( LS COUPLING)
1 P05 3D P05 3D P05 3D
(2P) 3D (2P) 3P (2P) 1P (
1 (2pP) 3D 1 1.00000 0.00000 0.00000
1 (2P) 3P 2 0.00000 1.00000 0.00000
1 (2p) 1P 3 0.00000 0.00000 1.00000

3d° XAS calculation

0

The CTM4XAS program

Sisix
Codete Mot Heb -
Coregaston - ooy
= Tiae 8l R e
bl ate P00 X% e site =l I |
T am T
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0.0 00 00 1.0 0.0 O |
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2p XAS of Tio,

als3ti4b.org (+Ls;,)
1 ENERGY MATRIX ( LS COUPLING) J= 1.0
(2P) 3D (2p) 3P (2pP) 1P (
1 2 3
1 (2P) 3D 1 465.755 1.635 2.312
1 (2P) 3P 2 1.635 463.867 1.335
1 (2P) 1P 3 2.312 1.335 464.811
0 EIGENVALUES (J= 1.0) *
462.923 462.923 468.587 AE_5664 - 3/2 LSZp

EIGENVECTORS ( LS COUPLING)
1 pos 30 pos 30 pos 3p (0.730032+0.365692=0.6666
(2P) 1P (2P) 3P (2P) 3D (
1 (2p) 3D 1 -0.67098 0.22312 -0.70711

-0.577342=0.3333

1 (2P) 3P 2
1 (2r) 1P 3

0.12977 -0.90360 -0.40826
0.73003 0.36569 -0.57734

3d° XAS calculation

0

sty

+FK, GK

The CTM4XAS program
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2p XAS of Tio,

3d° XAS calculation

0
als3ti4c.org (+FX, GK)
1 ENERGY MATRIX ( LS COUPLING) J= 1.0
(2P) 3D (2P) 3P (2P) 1P ( é
1 2 3
1 (2P) 3D 1 465.482 0.000 0.000
1 (2P) 3P 2 0.000 463.466 0.000 « -
1 (2r) 1P 3 0.000 0.000 468.402
0 EIGENVALUES ‘(J: 1.0) +LSz
463.466 465.482 468.402 P
EIGENVECTORS ( LS COUPLING)
1 P05 3D P05 3D P05 3D i
(2P) 3P (2P) 3D (2P) 1P ( :
1 (2P) 3D 1 0.00000 1.00000 0.00000
1 (2P) 3P 2 1.00000 0.00000 0.00000 - -
1 (2P) 1P 3 0.00000 0.00000 1.00000 - -
2p XAS of TiO, 3d’ XAS calculation
Edge Ti2p Ti3p La3d La4d
als3ti4d.org (+LS,, +FX, GK)
Average Energy (eV) 464.00 37.00 841.00 103.00
1 ENERGY MATRIX ( LS COUPLING) J= 1.0
<2P)13D (2P>23P (2P>31P ( Core spin-orbit (eV) 3.78 0.43 6.80 1.12
1 (2P) 3D 1 466.426 1.635 2.312
1 (2p) 3P 2 1.635 462.522  1.335 F? Slater-Condon (eV) 5.04 8.91 5.65 10.45
1 (2P) 1P 3 2.312 1.335 468.402
0 EIGENVALUES (J= 1.0) Intensities:
461.886 465.019 470.446
Pre-peak 0.01 10* 0.01 103
EIGENVECTORS ( LS COUPLING)
1 P05 3D P05 3D P05 3D Py Or dg) 0.72 103 0.80 0.01
(2pP) 3P (2pP) 3D (2pP) 1P (
1 (2P) 3D 1 0.29681 -0.77568 0.55698
1 (2P) 3P 2 -0.95074 -0.18539 0.24845 p1/2 0rd3/2 126 199 119 199
1 (2p) 1P 3 0.08946 0.60328 0.79250
3d° XAS calculation Term Symbols and XAS
35 40 45 50 55 460 465 470 475 480
1000 | Ti3p Ti2p 41000 TiVionin TiOZ:
Ground state: 3d°
100 4100 . . 5241
_ Final state: 2p°3d
5 310 Dipole transition: p-symmetry
3 1 1
=3 3d0-configuration: S j=0
> . . y .y
£ " 1% 2p'3d9-configuration: 2P®2D = '3PDF  ['=0,1,2,3,4
[=4 oy .
2 oo Joor p-transition: P Aj=+1,0,-1
1E-3 + 1E-3
La4d La3ad ground state symmetry: 'S S,
184 100 105 110 115 120 125 835 840 845 850 855 184 tranSItlon 18 ®1P = 1P
Energy (eV) possible final states: 'P 'P,,3P,,3D;.




3d" XAS calculation

Hunds rules

Transition Ground = Transitions | Term Symbols
3d9—>2p33d? 1S, 3 12 » Term symbols with maximum spin S are lowest in energy,
3d'—2p33d? D3, 29 45 + Among these terms:
3d?-2p®3d? °F, 68 110 Term symbols with maximum L are lowest in energy
3d3—-2p>3d* *Fi2 95 180 « In the presence of spin-orbit coupling, the lowest term has
3d*>2p3d° *Dy 32 205 «J = |L-S] if the shell is less than half full
3d°-2p%3d® | S, 110 180 + J = L+S if the shell is more than half full
3ds—2p53d? sD, 68 110
3d7—2p>53d8 Fo/a 16 45 3d' has 2D, ground state 3d? has °F, ground state
9 2 8 3
3d552p53d° *F, 4 12 3d® has 2D, ground state 3d8 has 3F, ground state
3d%—2ps3d *Ds 2 Give the Hund's rule ground states for 3d! to 3d?
Term Symbols and XAS Term Symbols and XAS
TiVion in TiO,: Fe atom:
Ground state: 3do Ground state: 3d6 (4s2)
Final state: 2p>°3d" Final state: 2p53d”
Dipole transition: p-symmetry Dipole transition: p-symmetry
3dO-configuration: S, j=0 3db-configuration: 5D, etc. j=4
2p'3d9-configuration: 2P®2D = 8PDF  j'=0,1,2,3,4 2p°3d7-configuration: 110 states i=3,4,5
p-transition: P Aj=+1,0,-1 p-transition: P Aj=+1,0,-1
ground state symmetry: 'S S, ground state symmetry: 5D 5D,
transition: S®P=1P transition: 5D ®'P = 5PDF
two possible final states: 'P 'P,,3P,,°Dy, possible final states: 68 states
Term Symbols and XAS Term Symbols and XAS
104 v
‘i Fe atom: Fe atom:
Ground state: Ground state: 3d6 (4s2) 5D j=4
f t 3d® (4s2) °D j=4
2 11
E 05+ I
: /! 0,
[ o
[ ;'A
i
. 5
PV \'\w— P
00 T —J T T T T T
700 705 710 715 720 725 730 5
X Axis Title D,




Term Symbols and XAS 3d® XAS calculation
+LS;4: > 3F
Ni'' ion in NiO: . > ¢
Ground state: 3d® +LS,,
Final state: 2pS3d° ) L . ‘ | "
Dipole transition: p-symmetry e e m e e e \ e CEE
Energy (eV) Energy (V)
3d8-configuration: 'S 'D, 3P,'G, °F j=4 o N
2p53d9-configuration: 2P®2D = ".3PDF y=0,1,2,3,4
p-transition: P Aj=+1,0,-1
ground state symmetry: 3F SF,
transition: SF ®'P = °DFG

two possible final states: 2D, 3F 3D3,%F3,%F,, 'F3

+FK, GX: > 3F

EEEEEEE

Enerzy (eV) Enerzy (V)

Atomic multiplets

-

Normalized Intensity

0- . . IA,_
850 855 860 865 870
Energy (eV)

Charge Transfer Multiplet program

Used for the analysis of XAS, EELS,
Photoemission, Auger, XES,

ATOMIC PHYSICS
U
GROUP THEORY
U
MODEL HAMILTONIANS

Crystal Field Effects

g, states {
[- o d,:
\lj Y @ ‘ 9
9 | ., v 9
9o v
tog States
dy @ de @ d: @
Qe 9 o o N
STE0 e oSS
9 ¥
o ~ 9

z

Octahedral crystal field splitting i

Vi O
+ %,
®
metal ion in symmetrical field in octahedral ligand field
in free space
—— &
’,»’/ x2-y2 22
. tog
_____ yz Xz Xxy
X2-y2yz 72 xz Xy

10



2p XAS of TiO, 2p XAS of TiO,
s = ,: Crystal field effect:
R giﬁ Xifépi)?o'fg:u R e
- P o ress Run w I:"""“’
Crystal Field Effects in CTM Crystal Field Effects
0| J7=213ev S0, 0, (Mulliken)
: ‘ g s 0 A,
TR B P 1 T
R . , et
: - F 3 A +T,+T,
K pe el E——— J st G 4 A +E+T,+T,

2p XAS of TiO, (atomic multiplets)

TiVion in TiO,:

3d0-configuration: S, j=0
2p'3d9-configuration: 2P®2D = 8PDF  j'=0,1,2,3,4
p-transition: P Aj=+1,0,-1

Write out all term symbols:
P, D, TF,
3P, 8P, 3P,
3D1 3D2 3D3
3F2 3F3 3F4
1 3 4 3 1

Crystal Field Effect on XAS

JinSO;  Deg.
0 1
2 4
3 3
4 1
hX 12

<'S,|dipole|'P,> goes to <A, |T,|T;>

11



Crystal Field Effects

SO, 0, (Mulliken)
S 0 A,

P 1 T,

D 2 E+T,

F 3 A+T,+T,
G 4 A +E+T +T,

Crystal Field Effect on XAS

JinSO; | Deg. Branchings
0 1 A,
Em -
2 4 4xE, 4xT,
3 3 3xA, 3T, 3xT,
4 1 ALE T, T,
> 12

<1S,|dipole|'P,> goes to <A,|T,|T;>

Crystal Field Effect on XAS

Jin8SO; = Deg. Branchings r'in O, Deg.
0 1 A, A, 2
' - 3xT, A, 3
2 4 4xE, 4xT, 1 7
3 3 3xA, 3xT, 3xT, T, 8
4 1 ALE T, T, E 5
z 12 25

<'S,|dipole|'P,> goes to <A, |T,|T;>

Effect of 10Dq on XAS:3d0

1.5+

1.0+

0.5

462 464 466 468 470 472
Energy (eV)

Comparison with Experiment

relative  intensity

2p XAS of TiO,

Crystal field effect:
3 + 2.5 for 10Dq

= + Split ON
— + 0.5 Lorentzian L2
sz + 467 split energy

12



2p XAS of TiO,
+
Set Expert options
ON
Add 1 1 1 for Fdd,
etc.

Turning multiplet effects off

2.0+

0.5+

T T T T T
462 464 466 468 470 472
Energy (eV)

Partly filled 3d-shells

Hunds rules

+ Term symbols with maximum spin S are lowest in energy,
* Among these terms:

Term symbols with maximum L are lowest in energy

« In the presence of spin-orbit coupling, the lowest term has
+J = |L-S]| if the shell is less than half full

J = L+S if the shell is more than half full

3d" has 2D, ground state 3d? has 3F, ground state
3d° has 2Dy, ground state 3d® has 3F, ground state
Crystal Field Effects on 3cF states Crystal Field Effects
Energy  Symmetries O, Total symmetry SO, O,, (Butler) O,, (Mulliken)
0 0 Ay
s | 4.6 1A,
eV 1 1 T,
3p 0.2 3T,
eV N
ip | -0.1 IE 4+ 1T, 2 2+ 7M1 E+T,
eV
3F | -1.8  3A, + 3T, + 3T, 3 A0+ 1+ A+T,+T,
ev
G 0.8 A HIT +HIT,+IE 4 O+1+2+ 71 A +E+T+T,

eV




Crystal Field Effects on 3dP states

The multiplication table of O, symmetry

Energy | Symmetries O, Total symmetry o A, A, T T, E
A, A, A, T, T, E
1S 4.6 A
eV ' A1®A1=A1 A, A, A, T, T, E
3p 0.2 3T,
eV T, +T, T, +T
T T T 1v o2 1T T 4T
ip | -0.1 IE + 1T, ! : 2 +E+ A,  +E+A, 1t
ev T, +T, T, +T
T T T 172 LT 2 T 4T
°F 'é\-/s A+ T 4T, | T @T,= T+ T+ E+ A, 2 2 ! +E+A, +E+A, Tt
1G 0.8 | A +IT,+IT,+E E E E TT,  TaT, At
eV
Crystal Field Effects on 3df states Crystal Field Effects: Tanabe-Sugano
Energy = Symmetries O, Total symmetry
6-/ .
1S 4.6 A, AA =A, ~
ev 3
0.2 3T, £ 4 ]
eV N
1D -0.1 IE 4+ 1T, 5,
eV & 7
3F  -1.8  3A,+ 3T, +°T, (To)+(A+E+T+ Ty)+
ev (Ap+E+ Ty+T,) 0 : : - : T T
1G 0.8 1A1+1T1+1T2+1E 0.0 0.5 1.0 15 20 25 3.0
eV Crystal Field Energy (eV)
o Tanabe-Sugano Plotting the result

Comwe Vot gt 19

7] Corgn s

CUBIC

AToM

LS

ol

Atom

T

Enery:

CUBICZIRO LS.
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