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Multiplet calculations (semi-empirical)

ATOMIC _ _

valence e-e interactions F,;, _— 4f 5
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SYMMETRY crystal field 10Dq, Ds, Dt o
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e-e screening K
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Multiplet calculations (semi-empirical)

ATOMIC _ _

valence e-e interactions F,;, _— 4F 5f
core-valence e-e.de G|_od 3d ions
core & valence spin-orbit ¢
I_I

SYMMETRY crystal field 10Dq, Ds, Dt o

molecular field, M or H oG <k
(4d, 5d)

e-e screening K

BONDING charge transfer A, U, Q / covalent 3d

hopping T, mixed valence f <



Multiplet calculations (first-prncipie)

ATOMIC

SYMMETRY

BONDING

valence e-e interactions F,, _—
core-valence e-e F,; G
core & valence spin-orbit ¢

I_I

crystal field 10Dq, Ds, Dt
molecular field, M or H
e-e screening K

charge transfer A, U, Q /

hopping T,

4f, 5f
3d ions
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covalent 3d
mixed valence f



Charge transfer effects
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Ground state of a transition metal system
3dN at every site

Charge fluctations



Charge transfer effects

3dN3dN —3 3dN-13dN+1

O O O O O o
 NoX NoX NoX NoX-NeX Neo

O 0 0 0 0 ©

Hubbard U for a 3d® ground state:
U= E(3d’) + E(3d°) — E(3d®) — E(3d®)

Ligand-to-Metal Charge Transfer (LMCT):
A= E(3d°L) — E(3d?)



Charge transfer effects

Mott-Hubbard

!
|
MM 4ds, dp
2p L2p

Energy

—
-

Density of States
Density of States

O ¢ v @
M L M L M

Hubbard U for a 3d® ground state:
U= E(3d’) + E(3d°) — E(3d®) — E(3d®)

Ligand-to-Metal Charge Transfer (LMCT):
A= E(3d°L) — E(3d?)



Charge transfer effects

Main screening mechanism in XAS and XPS:
Ligand-to-metal charge transfer

Charge transfer energy A is important for XAS/XPS

Hubbard U is NOT very important for XAS/XPS



Energy (eV)

Charge transfer effects

15 -

10 -+

| A= E(3d°L) — E(3d8)

E(3d10LL’) — E(3d®)

2A+U




Charge transfer effects

NiO: Ground state: + 3d°L
Energy of 3d°L: Charge transfer energy A

3d9L _— T 2p53d10|_

A+U-Q = A
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Charge transfer effects




Charge transfer effects in XPS

101 E (2p°3dte) = E,,

Energy (eV)




Charge transfer effects in XAS and XPS

* Transition metal oxide: Ground state: 3d° + 3d°L
« Energy of 3d°L: Charge transfer energy A

3d°L
XPS S XAS
A
2p°3d° )
AO 3d° 2p°3d’L
Ground State ] A+U-Q ~ A

2p°3d°L 2p°3d°



Charge transfer effects

NIO: Ground state:

+ 3dL
+ 3d°3d"
+ 310 2
+ 3d’L

Charge transfer energy A
Hubbard U

2A+U
Metal-ligand CT Ay ¢t
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Charge transfer effects in XAS
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Charge transfer effects in XAS and XPS

15| XAS ]

1.0 -

| L, |

: ) Experiment:
| L/_J\_L,
o k JL!

345 Bﬁﬂ 555 Bﬁﬂ EEE E?D ETB Eﬂﬂ EBE
Photon energy (eV)

Intensity {(arb. units)

Spectral shape:

| (1) Multiplet effects

(2) Charge Transfer

J. Elec. Spec.
67, 529 (1994)




Charge transfer effects

lonic Conf. Charge Transfer States
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Charge transfer effects

20534N+2], 2p°3dN 3L
A
A
2p334NH1 [Pg]

2p53¢iN+1 I 2p°3dV+1(Iy) + 2p*3aV 3L
QPE 34N +1 [['l 1]

EPHMNH [[-1] + 2;1“3&”"'?&




Intensity (arb. units)
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Charge transfer effects in XAS
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Charge transfer effects in XAS
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Chem. Phys. Lett. 297, 321 (1998)




LMCT and MLCT: & - bonding
Fe': Ground state: 3d° + 3d°L

3d6L \ — 2p53d7|—

A
]A+U-Q ~ A

305 e L 2p53dS

with Ed Solomon (Stanford) JACS 125, 12894 (2003),
JACS 128, 10442 (2006), JACS 129, 113 (2007)




LMCT and MLCT: & - bonding

Fe!': Ground state: 3d° + 3d°L + 3d“L

e 20°301°L
A-U+tQ =~ A _+ 2

3d°L e~ 2p53d7L
A ] A+U-Q ~ A - 2

305 e e 2[0°301°

with Ed Solomon (Stanford) JACS 125, 12894 (2003),
JACS 128, 10442 (2006), JACS 129, 113 (2007)




LMCT and MLCT: & - bonding

Normalized Absorption
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with Ed Solomon (Stanford) JACS 125, 12894 (2003),
JACS 128, 10442 (2006), JACS 129, 113 (2007)




X-ray MCD



X-ray MCD
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X-ray MCD

Cu?*:



X-ray MCD
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Iron 2p XAS of Fe arrays

with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)
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Iron 2p XAS of Fe arrays
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with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)




X-ray MCD sum rules

J.H: J.(M + Uy + Uy) = % (N)-

C
J(M — )= —E<Lz>-

XMCD spectrum XAS spectrum

Thole et al. PRL 68, 1943 (1992); Carra et al. PRL 70, 684 (1993)




X-ray MCD sum rules

magnetic
% dipole
£ A-2B
: S =[(s )4 2 (1 )|=2 <n
) 2 2\0, +1
p)
<
<
S
= B
L )
g IL3 +IL2
O
= A

Courtesy: J. Stohr

Thole et al. PRL 68, 1943 (1992); Carra et al. PRL 70, 684 (1993)




Effective spin sum rule

magnetic
% dipole
3 A-2B
: S, =S )4 L1 )= <n
) 2 20, +1
%)
<
>

TBL > separate L, from L,?

» value of <T,>

XMCD spectrum

A

Courtesy: J. Stohr

Carra et al. PRL 70, 684 (1993)




Effective spin sum rule for a 3d® system
J=1/2 3d? > 2p53d1o

Lz edge
2p° I
J=3/2

L, edge



Effective spin sum rule for a 3d® system

J=1/2 3d9 AN 2053d10
> edge _ 7 _
20 I m=-5/2 — m,=-3/2
J=3/2 —— J'=+3.|'IE
L edge — S— EJ:-S!E Only L3 edge
Only Am=+1

\J = -1

My =+
J=3/2



Effective spin sum rule for a 3d® system

o

normalised Intensity

3d°® > 2p°>3d10
m=5/2 — m,=3/2

Only L; edge
Only Am,=-1

| = | 5 | s | ” |
930 935 940 945 950
Energy (eV)



Effective spin sum rule for a 3d® system
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Effective spin sum rule for a 3d® system

normalised Intensity

o

7 3| A-2B
Seff — <SZ>'||' 5<TZ> = E[IL3 N ILZ]th
=3/2*1/1*1=23/2
9é0 9é5 9;10 94'15 9é0

Energy (eV)




Effective spin sum rule for a 3d® system

2 ] ) ] 2 | L ] ]
7 3| A-2B
Seff — <SZ> — §<TZ> = E[IL3 N ILZ ] X nh
2 =3/2*1/1*1=3/2
E 7/2<T>=1
0
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Phys. Rev. B. 80, 184410 (2009)




