Introduction to crystal field multiplet calculations
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2p XAS (core level spectroscopy)

e Excitons and multiplets dominate the spectral line-
shape.

e |t is not sufficient to assume independent electrons
interacting with an average potential

* One has to consider the interaction between each
pair of electrons explicitly.



Charge Transfer Multiplet program

Quanty, CTM4XAS, Tanaka code (XTLS), etc

Used for the analysis of XAS, EELS,
PES, IPES, Auger, RIXS, NIXS, etc
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Orbital and dispers
transitions in Ti
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Charge Transfer Multiplet program

input

* |nitial State configuration (3d?® for Ni?*)
* Final state configuration (2p>3d° for Ni%* 2p XAS)
* Transition operator (dipole for XAS)

* Experimental geometry (polarization of the light, sample
orientation, magnetic field, temperature, etc.)

* H. Hamiltonian of the initial state

* He=H,; + H 4+ HSS Hamiltonian of the final state



Charge Transfer Multiplet program

What information we can get ?

e Ground state symmetry, important quantum numbers,
magnetic moment, etc.

e Orbital occupation and orbital level splitting

 Many body energy level diagram

e Physical properties (magnetic anisotropy, susceptibility,
magnetization, g factors, etc.)
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Hamiltonian (atomic physics)
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Coulomb interaction
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Coulomb interaction
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Coulomb interaction — Slater Integrals

Integral to calculate —
(6, ()6, (72) |15 557 | 673 (71) 67 (72) )
b+ (7) = x-Ru? ()Y (0, ¢)
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Coulomb interaction — Slater Integrals

Radial part: Slater integrals _
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Coulomb interaction — Slater Integrals
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Coulomb interaction — Slater Integrals

Core (p) valence (d) interactio_
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Coulomb interaction — Slater Integrals
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Initial state Hamiltonian (atomic multiplet theory)
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Final state Hamiltonian (atomic multiplet theory)
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Final state Hamiltonian (atomic multiplet theory)
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Only the total moment J is a good quantum number ”



Atomic multiplet theory
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Term symbols

2S5+1 |_
L= 0 1 2 3 4
Term
Symbol S P D F G
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Term symbols — single electron

st S=1/2,L=0 - ?2S
o S=1/2,L=1 - P

d? S=1/2, L=2 - “D
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Term symbols — two electrons

15101 S,.=1/2,S,.=1/2 - S,,=0,1 18, 3G

Lls:O’ LZS:O - I-tot:O
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Term symbols — two electrons

ZS+1|_

2pt3d? Syp=1/2, S34=1/12 - S,,=0,1 3P, 3D, 3F
(2p>3dY) Lpp=1, Lyg=2 — L=1,20r3 1P, 1D, 1F
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Term symbols — two electrons

25+1 I—_]

2pt3d?t Spp=1/2, Ly=1 - J,,=1/2,3/2 P Po "Pu P

5 1 'D,, °Dy, °Dy, °D;
(2p°3dY)  S,=1/2, Ly=2 - J=312512 T 7
F3’ |:2’ FB’ |:4

For each term symbol

Jvax=51 1 Ly

Jain= 151 = L]

Steps of 1 between J,,,and J,.y
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Atomic multiplet theory

3 peaks in the spectrum. Why?

Ca2p absorption { normalkzed
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Atomic multiplet theory

Ca2p absorption { normalkzed

3 peaks in the spectrum. Why?
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Dipole transition
3d9- 2p>3d?

Without spin-orbit coupling
Initial state symmetry :
1S
Final state symmetry :
1p, 1D, 1F

Selection rules for dipole
transition:

AL=+1 or -1

AS=0
Allowed transition
<1S| AS=0;AL=+1 | 1P> #0
1 peak in the spectrum
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Atomic multiplet theory

Ca2p absorption { normalkzed

3 peaks in the spectrum. Why?
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Dipole transition
3d9 ., 2p~3d?

With spin-orbit coupling
Initial state symmetry :
- 1SO
Final state symmetry :
*Py, °Py, °Py, °Py, 1Dy, °Dy, °Dy, °Ds
1F3’ 3|:2’ 3F3’ 3F4
Selection rules for dipole
transition:

AJ=+1or-1o0or0 J=1'#0

Allowed transitions
<1S,|A)J=+1]| tP,, 3P, 3D;> #0
3 peaks in the spectrum
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Atomic multiplet theory

{ normalized to maximum }

Ca2p absorption

Calculation

Atomic Ca

1
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Dipole transition
3d9 ., 2p~3d?

With spin-orbit coupling
Initial state symmetry :
1S,

Final state symmetry :
*Py, °Py, °Py, °Py, 1Dy, °Dy, °Dy, °Ds

1F3’ 3'FZ’ 3'FE’ 3F4

Selection rules for dipole
transition:

AJ=+1or-1o0or0 J=1'#0

Allowed transitions
<1S,|A)J=+1]| tP,, 3P, 3D;> #0
3 peaks in the spectrum
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Atomic multiplet theory

La 3d‘ Dipole transition

Calculated

. S\ tews
S—— / \-.-_,_—-/'

i ":.. Experimental

830 850 ’ 870

4f0_, 3d94f!

With spin-orbit coupling
Initial state symmetry :
1S,
Final state symmetry :
1P11 3P01 3P11 3P21 1D21 3D11 3D21 3D3 ’ 1F31 3F21

Selection rules for dipole
transition:

AJ=+1or-1o0or0 J=1'#0

Allowed transitions
<1S,|A)J=+1]| P, 3P, 3D;> #0
3 peaks in the spectrum
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Atomic multiplet theory

La 3d‘ Dipole transition

Calculated

. S\ tews
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i ":.. Experimental

830 850 ’ 870
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With spin-orbit coupling
Initial state symmetry :
1S,
Final state symmetry :
1P11 3P01 3P11 3P21 1D21 3D11 3D21 3D3 ’ 1F31 3F21

Selection rules for dipole
transition:

AJ=+1or-1o0or0 J=1'#0

Allowed transitions
<1S,|A)J=+1]| P, 3P, 3D;> #0
3 peaks in the spectrum
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Atomic multiplet theory

Dipole transition

3d9 ., 2p~3d?

With spin-orbit coupling (SOC)

Selection rules for dipole
transition:

AlJ=+1or-1o0or0 J=1'+0

—— #2 | Isotropic

g
o

1 Calculated
| Fk, Gk
+SOC

=
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=
(=}
L

Absorption Cross Section (a.u.)

o
W

LJ Allowed transitions
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Absorption Energy (eV)

o
=)

Atomic multiplet theory predicts
3 peaks in the spectrum
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Atomic multiplet theory

Absorption Cross Section (a.u.)

—— #2 | Isotropic
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0.0 1

FeTiOs

relative intensity

-------

460 465
Energy (eV)

Dipole transition
3d9- 2p>3d?

With spin-orbit coupling

Selection rules for dipole
transition:

AlJ=+1or-1or0 J=J'#0
Allowed transitions
<1S,|AJ=+1]| 1Py, 3P, 3D;> #0
Atomic multiplet theory predicts
3 peaks in the spectrum

Experimentally 6 peaks
are observed !!!!
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Crystal Field theory

e, States

t,q States
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Crystal Field theory

O, symm
) e

cry

d orbitals
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Crystal field multiplet theory

Ti4* Zp‘ Dipole transition

3d0_, 2p53dt

We need to go beyond the atomic
multiplet theory and include the
crystal field (CF) in the Hamiltonian

Erl] &zl * S

FeliOg i<j

relative intensity

-------

460 465 G0
Energy (eV) 38



Crystal field multiplet theory
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Ti% 2p‘ Dipole transition
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+S0C

e

452 454 456 458 460 462 464 466
Absorption Energy (eV)

[Tiin Oy 7 FeTiOg

465
Energy (eV)

3d0_, 2p53dt

We need to go beyond the atomic
multiplet theory and include the
crystal field (CF) in the Hamiltonian

zru E’zl ot

I<j
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Crystal field multiplet theory

Dipole transition

3d6 . 2p>3d”

Co 2p3,2

Co 2p,, Co 2p1,2

NdCaCoO s SrZCo Ir. O

050574

775 780 785 790 795 800 805 775 780 785 790 795 800 805

Energy (eV) Energy (eV)
S=0 S=2
(low spin) (high spin)
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i 10Dq
t29 111 1 40




Crystal Field theory

D4, sYym
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Elongated compressed

A., = 4Ds + 5Dt and A,,, = 3Ds — 5Dt
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Crystal Field theory
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Crystal Field theory
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