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Introduction

Why LFDFT?
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® Coordination compounds: metal
lon + ligands

® The electronic structure results
with open-shell electrons

® Standard DFT method does not
work (near-degeneracy
correlation and multiplet
structure)
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Ligand-field Model Q(IT

The multi-electronic effective Hamiltonian

Herr. = Hpp + Hgo + Hy

— | '\

Inter-electron repulsion | o |
_ _ _ Ligand-field interaction
Spin-orbit coupling

3d-3d transitions: M. Atanasov, C. Daul and C. Rauzy, Struct. Bonding 2004, 106, 97.
4f-5d transitions: H. Ramanantoanina, M. Shanoun, A. Barbiero, M. Ferbinteanu and F. Cimpoesu, Phys. Chem. Chem. Phys., 2015, 17, 18547
XAS: H. Ramanantoanina, Phys. Chem. Chem. Phys., 2017, 19, 32481
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Ligand-field Model $‘(IT

Spin-orbit coupling Ligand-field interaction
Hgr = 2 W¥(nl, nl) gx(nl, nl) Hso = 2 Cng, (1) (L - 1) Hp= z z B¥(nl, nl)C(k)
“ Coefficients i Y Coefficients 1 1 Coefficients
Slater integrals Spin-orbit coupling constant Ligand-field parameters

3d-3d transitions: M. Atanasov, C. Daul and C. Rauzy, Struct. Bonding 2004, 106, 97.
4f-5d transitions: H. Ramanantoanina, M. Shanoun, A. Barbiero, M. Ferbinteanu and F. Cimpoesu, Phys. Chem. Chem. Phys., 2015, 17, 18547
XAS: H. Ramanantoanina, Phys. Chem. Chem. Phys., 2017, 19, 32481
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Ligand-field Model A\‘(IT

Karlsruhe Institute of Technology

Spin-orbit coupling Ligand-field interaction
Hgr = 2 @i (nl, nl) Hgo = 2 (nili(ri) (i - s;) Hip = z z Boll‘(nl,nl)chk)
“ Coefficients i Y Coefficients o 1 Coefficients
Slater integrals Spin-orbit coupling constant Ligand-field parameters

a Coefficients for a given configuration are stored in /amshome/atomicdata

B Parameters have to be calculated from first principles

6 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



How do we obtain the parameters? &‘(IT

® Single Point DFT calculation (select the active subspace)

® Important Keywords

Symmetry NOSYM

IrrepOccupations

A (average of configuration)
End

7 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



How do we obtain the parameters? A\‘(IT

stitute of Technology

® Single Point DFT calculation (select the active subspace)

® Important Keywords
To represent the electron configuration at hand:

symmetry NOSYM For 3d", 5 MOs with predominant 3d character

. are occupied with n/5 electrons
IrrepOccupations

A (average of configuration) » For 4fn

End , 7 MOs with predominant 4f character

are occupied with n/7 electrons

8 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



How do we obtain the parameters? A\‘(IT

Practical example

9 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)
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How do we obtain the parameters?

MnF,, crystal structure

fluorine

9

F

18.998
chlorine

17
35.453
bromine

nickel copper zinc

28 30

e 26 27 29 35
Fe | Co| Ni |Cu| Zn Br

manganese iron cobalt

chromium

scandium titanium

21 22 23 24 25
Sc| Ti| V|Cr | Mn

55.845 58.933 58.692 63.546 65.39 79.904
jodine
53

47.867 50.942 51.996 54.938

44.956
t 126.90
Institut fGr Nukleare Entsorgung (INE)
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MnF,, crystal structurz

How do we obtain the parameters?
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Molecular (MnFg)* cluster
Mn config. 3d°

fluorine

9

F

18.998

chlorine
17
Cl

25453

scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc
21 22 23 24 25 26 27 28 29 30
Sc|Ti| V| |Cr Mn|Fe|Co| Ni |Cu|Zn
44.956 47 867 50.842 51.996 54.938 55.845 58.932 58.693 63.546 65.39
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1

bromine
35
Br

79.904

iodine

53

126.90
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How do we obtain the parameters?

Electronic Structure of (MnFg)*

occ. =5/5 occ.=5/5
3d Mn
1+
= a. .2 s ‘2R
: 800 G
% occ.=5/5 occ.=5/5 occ.=5/5
-
2 ]
5 MOs with nearly atomic characters
- are occupied with fractional electrons
) Mn config. 3d°
~620 20 Mn ( g )
—640+
—-660r
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How do we obtain the parameters? &‘(IT

The matrix elements of the ligand-field potential are extracted from the MO
energies and eigenfunctions

The ligand-field potential parameterizes the Hamiltonian term H, ¢

3dyy 3d,, 3d,, 3d,, 3dx2.y2

tog (#1)

trg (#2)
eq (#1)

tog (#3)
ey (#2)

13 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



How do we obtain the parameters?
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The matrix elements of the ligand-field potential is a matrix with 5 by 5 elements

3d,y 3d,.
trg (#1)  -0.4000  0.0000
trg (#2) 0.0000 -0.4000
eg(#1) 0.0000 0.0000
trg (#3) 0.0000 0.0000
e, (#2) 0.0000 0.0000

14 November 22, 2022 Harry Ramanantoanina
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3 dzZ

.0000
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.6000
.0000
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3d,,

.0000
.0000
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.4000
.0000

3 dx2 -y2

o O o o o

.0000
.0000
.0000
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.6000
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How do we obtain the parameters?

3dyy 3dy,
trg (#1) | =0.4000 0.0000
tog (#2) 0.0000 -0.4000
e, (#1) 0.0000  0.0000
tog (#3) 0.0000 0.0000
e, (#2) 0.0000 0.0000
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3 dzZ
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3d,,
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-0.4000
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3 dx2 -y2

o O O o o
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How do we obtain the parameters? A\‘(IT

The Slater integrals and spin-orbit coupling constants are derived from the radial
functions
These integrals parameterize the Hamiltonian term Hgg and Hg,

1.0 ‘
,.’:- R3d, atomic
0.8F
\\\\\\\ I’,Rgd’ t2g
0.6 O\
o
2]
g
O [ \Q
04r [ r.R3d, eg \\‘\
0.2r
o'OO 1 2 3 4 5

r[Al
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How do we obtain the parameters?
The Slater integrals and spin-orbit coupling constants are derived from the radial
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The dashed blue line
represents an average
radial function

21+1

1
Rn vV — Rni
= R

functions
These integrals parameterize the Hamiltonian term Hgg and Hg,
1.0 \ \ \ ‘
, .’:- !'-\)Bd, atomic
0.8
r-Raq, t2g
. 0.6 O\
x \
0.4 | r-R3d, eg \\\\
0.21
o'OO 1 é A‘f 5
r[Al
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How do we obtain the parameters? A\‘(IT

® (MnX,)*, with X = F-, CI- and Br

® Slater Integrals and spin-orbit
coupling from radial functions

o0 0O k
T,
F*(3d,3d) = J j rkil R34(r1) R34 (rp) rérgdrydr,
>
00

18 November 22, 2022 Harry Ramanantoanina

1.00 ;
,Llomic 0 F2(3d,3d)
:' K 4
' > Fluoride e F#(3d,3d)
0.75f o,
[ “‘ 5;
Chloride =\ D 4
5 G
C 0.50 Bromide 2
o
\ 0 atomic Fluoride Chloride Bromide
0.25
0.00 1 1 1 1
0 1 2 3 4 5

F.M.F. de Groot et al, J. Electron Spectrosc. Relat. Phenom. 2021, 249, 147061
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How do we obtain the parameters? A\‘(IT

- 1 — - - 1.00 T
. : o~ | F4(3d,3d
® Slater Integrals and spin-orbit ANFluoride_® (3434)
. . . 075_ : s '-9'6
coupling from radial functions ' >
Chloride D 4
00 ;9) LE
C 0.50 Bromide 2
F*(3d,3d) =err+1 R3,(r)) R3,(ry) r2ridrdr, u
0 0 O atomic Fluoride Chloride Bromide
. . 0.25
Reduction of the Slater integrals = T
Nephelauxetic effect == covalency e
0'000 1 2 3 4 5

F.M.F. de Groot et al, J. Electron Spectrosc. Relat. Phenom. 2021, 249, 147061
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Examples for Application A\‘(IT
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Lanthanide 4f - 4f transitions A\‘(IT
o Lighting technolog

Cerium Praséodyme Europium Terbium Yiterbium
q 58 59 63 65 70
Ce Pr Eu Tb Yb
140.1 140.9 152.0 158.9 173.1

Samarium Terbium Dysprosium Holmium Erbium Thulium

o Magnets

P 62 65 66 67
<§>\ Sm Tob Dy Ho Er Tm
150.4 158.9 162.5 164.9 167.3 168.9

Neodymium
60 Gadolinium
64
Nd G 44
144.2 \ N Gd
157.3
—Lj‘\

, Chem. Rev., 2010, 110, 2729; J. Dreiser, J. Phys.: Condens. Matter, 2015, 27, 183203
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Lanthanide 4f - 4f transitions
o Lighting technology

( Luminescence properties versus trivalent lanthanide ions

-
Tm Tb ﬂ Dy Eu Sm
Based on 4/ — 4f* transitions,
the spectral energy range of
the visible light is entirel
covered. g ' l-_l_—lj | — l}l _&léol(l]_l T'T\:Al-‘l
450 480 510 540 570 600 630 <660 690

Wavelengh [nm]

Institut fGr Nukleare Entsorgung (INE)
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Lanthanide 4f - 4f transitions A\‘(IT

o The central Eu3* ion is mainly in a ground 4f° electron
configuration (Ground-state in Russel-Saunders 7F)

o The spin-orbit coupling split this ground state into 7
components 'Fy + ’F, + 7F, + 7F3+ 7F, + "F5 + 7Fg

o The ligand-field interaction splits the atomic multiplets
the atomic multiplet terms.

Eu(NO;)s;(phenanthroline),
o Exp. Data available (good to validate the method)

H. Ramanantoanina, Computation 2022, 10, 70
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Lanthanide 4f - 4f transitions

Levels LFDFT Exp. ¢ Percent Error
State I PBE B3LYP PBEO0 KMLYP 1) 2) 3) 4)
By A 0 0 0 0 0 - - - -
Eu3+ 4f6 -> 4f6 B, A 214 261 273 349 295 2746 —1153 -—746 1831
B 393 39 392 368 367 7.08 790 681 027
B 700 523 498 389 444 5766 1779 1216 —12.39
P, B 946 971 974 98 947 —011 253 285 412
B 1020 975 980 1022 981 398 —061 -0.10 4.18
A 1047 1117 1108 1023 1016  3.05 994  9.06  0.69
A 1288 1134 1109 1027 1080 1926 500 269 —491
A 1323 1135 1112 1039 1111 19.08 216 009 —648
F; B 1882 1884 1874 1839 - - - -
A 1909 1894 1882 1852 - - - -
B 1952 1919 1905 1859 1808  7.96 614 537 282
A 2011 1926 1910 1865 1846  8.94 433 347  1.03
B 2027 1932 1913 1870 1857  9.15 404 302 070
B 2032 1932 1921 1873 1893  7.34 206 148 —1.06
A 2137 1985 1962 1874 - - - -
P, B 2244 2742 2764 2771 2587 —1326 599 684  7.11
A 2473 2812 2818 2780 2603 —499 803 826  6.80
A 2698 2834 2834 2799 2633 247 763 763 630
B 2790 2890 2876 2801 2648 536 914 861 578
A 2866 2897 2885 2812 2735  4.79 592 548  2.82
A 2945 2913 2888 2838 2872 254 143 056 —1.18
. A 3072 2915 2898 2843 2946 428 —1.05 —1.63 —3.50
E u ( N 03)3(p h ena nth rO| ine )2 B 3179 2983 2945 2850 2967 715 054 —074 -394
B 3245 2987 2950 2886 3086 515 —321 —441 —648
5Dy A 16,081 16517 16,535 16,874 17,241 —673 —420 —4.09 —213
SD; A 17,705 18,128 18,143 18485 18945 —655 —4.31 —423 —243
B 17,716 18,164 18,176 18,488 - - - -
B 17,806 18,199 18,206 18,493 - - - -

24 November 22, 2022 Harry Ramanantoanina

H. Ramanantoanina, Computation 2022, 10, 70
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Lanthanide 4f - 4f transitions

Levels LFDFT Exp. ¢ Percent Error
State I PBE B3LYP PBEO0 KMLYP 1) (2) 3) (€Y}
By A 0 0 0 0 0 - - - -
E U3+ 4f6 -> 4f6 By A 214 261 273 349 295 2746 —1153 -—7.46 1831
B 393 39 392 368 367 7.08 790 681 027
B 700 523 498 389 444 5766 1779 1216 —12.39
B, B 946 971 974 98 947 —0.11 253 285 412
B 1020 975 980 1022 981 398 —061 -0.10 4.18
A 1047 1117 1108 1023 1016 3.05 994  9.06  0.69
A 1288 1134 1109 1027 1080 1926 500 269 —491
A 1323 1135 1112 1039 1111 19.08 216  0.09 —6.48
F; B 1882 1884 1874 1839 - - - -
A 1909 1894 1882 1852 - - - -
3+ B 1952 1919 1905 1859 1808 796  6.14 537  2.82
E U red A 2011 1926 1910 1865 1846 894 433 347  1.03
B 2027 1932 1913 1870 1857  9.15 404  3.02 070
| um | nescence B 2032 1932 1921 1873 1893 734 206 148 —1.06
A 2137 1985 1962 1874 - - - -
Fy B 2244 2742 2764 2771 2587 —1326 599 684 711
Calc. PBEO 642-648 A 2473 2812 2818 2780 2603 —499 803 826  6.80
A 2698 2834 2834 2799 2633 247 763 763 630
nm B 2790 2890 2876 2801 2648 536 914 861 578
A 2866 2897 2885 2812 2735 479 592 548  2.82
A 2945 2913 2888 2838 2872 254 143 056 —1.18
. A 3072 2915 2898 2843 2946 428 —1.05 —1.63 —3.50
EU (N 03)3(phenanth rOl | ne)2 B 3179 2983 2945 2850 2967 715 054 —074 -394
B 3245 2987 2950 2886 3086  5.15 —321 —441 —6.48
5D, A 16,081 16517 16,535 16,874 17,241 —673 —420 —4.09 —2.13
5D; A 17,705 18,128 18,143 18,485 18,945 —6.55 —431 —423 —243
B 17,716 18,164 18,176 18,488 - - - -
B 17,806 18,199 18206 18493 - - - -

25 November 22, 2022 Harry Ramanantoanina
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Lanthanide 4f — 5d transitions A\‘(IT

Eu?* 47 -> 40 5

h
Y 5d

Energ;;\g\fj

HEEEEN

The molecular Eu(n®-CyHg), complex d

possesses high symmetry Dg,;, structure.

Eu?*

H. Ramanantoanina, L. Merzoud, J. T. Muya, H. Chermette and C. Daul, J. Phys. Chem. A 2020, 124, 152
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Lanthanide 4f — 5d transitions A\‘(IT

Eu?* 47 -> 40 5

hv

1.

HEEEEN

5d

Energ;;\g\fj

The molecular Eu(n®-CyHg), complex | |
possesses high symmetry Dy, structure. mmm) 47 Multiplet manifold:

‘ 8S + P + 1| + efc.
3432 single determinants

H. Ramanantoanina, L. Merzoud, J. T. Muya, H. Chermette and C. Daul, J. Phys. Chem. A 2020, 124, 152

28 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



Lanthanide 4f — 5d transitions A\‘(IT

Eu?* 47 -> 40 5

hv

Energ;;\g\fj

HENE NN

The molecular Eu(n®-CyHg), complex d

possesses high symmetry Dg,;, structure.

Eu?*

H. Ramanantoanina, L. Merzoud, J. T. Muya, H. Chermette and C. Daul, J. Phys. Chem. A 2020, 124, 152
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Lanthanide 4f — 5d transitions A\‘(IT

Eu?* 47 -> 40 5

hv f

TTTTTTT

4f

Energ;;\g\fj

The molecular Eu(n®-CyHg), complex
possesses high symmetry Dg,;, structure. mmmb 45 54" Multiplet manifold:

("F +°D + etc.) x 2D
= (8P + 8D + 8F + 8G + 8H) + (°P + D + °F + G + °H) + efc.
30030 single determinants H. Ramanantoanina et al, J. Phys. Chem. A 2020, 124, 152
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MO Energy [eV]
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7 MO have nearly atomic-
like Eu 4f
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e, (1) e, (2)
96.7 % 4fxyz T 6.7 % 4fz(x2-y2)

e, (1) e (2)
99.5 % 4f,,, 99.5 % 4f,,,

0,
904 A) 4fy(3x2-y2) 904 0/0 4fX(X2_3y2)
Institut fur Nukleare Entsorgung (INE)



Lanthanide 4f — 5d transitio

MO Energy [eV]

—_— — n
— e —_— — e4|
- e1|| e4

n
e
—_— —_— . '
- . e2
R PR R R R R — 2
- 1
N a,

"5 MO have nearly atomic-like Eu

5d

66.7 % 5d,,

60.7 % 5d,,

43.4 % 5d,,
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e (2)
66.7 % 5d,,

e, (2)
607 o/0 5dx2—y2
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Lanthanide 4f — 5d transitions A\‘(IT

~ SVWN PBE B3LYP

Bf = = = — = =

3.0—§ % E

— — In red Eu 4f" —> 4f7 transitions

X S — ES: In blue 4 —> 4f° 54" transitions
~ [/ D (0)\ |4
g We calculate also the Ii = ‘(l/)l ‘d‘lpl )‘

1.0} transition probabilities

0.5}

ES GS
o — —  — GS =4 (*Syp)

33 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



Lanthanide 4f — 5d transitions A\‘(IT

Calculated excitation spectra versus DFT functional

o Multiple transitions in the 4f— 5d
excitation process, governed by the

two-electron repulsion and 5d

Eu2+ 47 -> 46 5d1 PBE ligand-field splitting.
\\ / '/ o Good agreement with the
" experiments, in particular for the
B3LYP PBE results.
° > E4nergy [e\5/] 6H. Rar;anantoanina, L. Merzoud, J. T. Muya, H. Chermette and C. Daul, J. Phys. Chem. A 2020, 124, 152
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X-ray Absorption Spectroscopy

Mechanism of the XAS process

5d
a 4f

X-rays \

3ds/2
3dsp2

Ground state config.: 4f"
XAS excited state config.: 3d° 4f*1

Harry Ramanantoanina

=

(a)

810 825 840 855 870
AE[eV]

(b)

NS k.
860 875 890 905 920
AE[eV]

|

(c)

910 925 940 955 970
AE[eV]

|

(d)

960 975 990 1005 1020
AE[eV]

\
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4fn -> 39 4fn+

(k)

1338 1353 1368 1383 1398
AE[eV]

© J (h)

1010 1025 1040 1055 1070 1170 1185 1200 1215 1230
AE[eV] AE[eV]

U}

1395 - 1410 1425 1440 1455
AE[eV]

d AU '/ / (@i)
1060 1075 1090 1105 1120 1225 1240 1255 1270 1285
AE[eV] AE[eV]
(m)
1455 1470 1485 1500 1515
AE[eV]
Q) [0}
1115 1130 1145 1160 1175 1280 1295 1310 1825 1340
AE[eV] AE[eV]

.

(n)

1510 1525 1540 1555 1570
AE[eV]

H. Ramanantoanina, J. Chem. Phys.. 2018, 149, 054104
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X-ray Absorption Spectroscopy
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Tb3* 43 -> 3d%4f°

37 November 22, 2022 Harry Ramanantoanina

0.10 F 3K H — 4
@ 008} H =
= : - experiment :
S 0.06 A -
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Transition metal K-edge XAS
3d" -> 1s! 3d"4p’
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Transition metal K-edge XAS ﬂ(".

Transition metal A R c
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Resonant Inelastic X-ray Scattering

Mechanism of the RIXS process
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In collaboration with Tonya Vitova (Karlsruhe)

42 November 22, 2022 Harry Ramanantoanina

AT

Karlsruhe Institute of Technology

IS: 3941451

FS: 3d104f135fn+

GS: 3d104f145

Multi-configurational problem
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Resonant Inelastic X-ray Scattering A\‘(IT

Intermediate state
Calculation of the RIXS cross section: wavefunction

7 (FS|u, [IS)IS1uz1GS) L rFS/H Lorentzian

2
@A, Eer)|* = D > 2 | ¥ — i
o3 (Eex. Eom) RS Lgs + ‘15 — Eenfl — lzllbl ~ (Eps + Eex. — Egs — Eem)? + Tis broadening
20 ‘ ' ' |

Final state wavefunction x

Operator of the light-matter

. : Ground state wavefunction
Interaction

ellz &Y

N
s (O™ @) €Mx 05 (B —ho)

2
ell y & gi(yl,+1 + Yl,—l )

43 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



Resonant Inelastic X-ray Scattering ﬂ(".

experiment

S

Uranyl Bromide

T T T T T
1+
05F
L L T —

0

3397 Excitation energy (keV)
3.726 3.728 3730 3.732 3.734 3.736
3396
3.340
3395 —~
3339 3
3
< 3394 -
) 3.338 D
: 2
w 3393 [0}
3.337 ¢
kel
3392 8
3.336
L
3391
3.335

3390
37 3752 3754 3756 3758 3760 37620 05 1 3750 3752 3754 3756 3758 3760 37620 05
E_, [eV] E_ [eV]

Her = 0 (no 3d-5f and 4f-5f interaction) Her 25% of atomic US*

44 November 22, 2022 Harry Ramanantoanina Institut fGr Nukleare Entsorgung (INE)



Acknowledgment

More than 20 years of development of
LFDFT (2000 — now)
Special thanks to all the collaborators

UNI PAUL SCHERRER INSTITUT

FR
. —
UNIVERSIT.E: DE FRIBOURG

UNIVERSITAT FREIBURG

J I
jonannes GUTENBERG *‘ (I

UNIVERSITAT MAINZ
Karlsruher Institut fir Technologie

45 November 22, 2022 Harry Ramanantoanina

AT

Karlsruhe Institute of Technology

Software
) §CM ' ADF
Chemistry &

Materials

WWw.sCm.com

@\ MATLAB
HPC

HPC m

Dutch National Supercomputer Snellius

Fribourg Beo03/Beo04
Karlsruhe BWunicluster

Institut fGr Nukleare Entsorgung (INE)



DEMO KIT

stitute of Technology

o Part 0: AMSGUI, build molecular complex (e.g. Mn(5-crown ether)2+) with Mn
3d”5

o Part 1. Ground state configuration Mn 3d*5: LFDFT without and with spin-orbit
coupling.

o Part 2: Mn L2,3-edge XAS: XAS excited state configuration Mn 2p*5 3d*6 and
electric-dipole transitions 3d*5 -> 2p*5 3d”0.

o Part 3: Mn L2,3-edge XMCD: XAS with magnetic field
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