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Atomic multiplet theory: N-electrons atom/ion

I. The free atom/ion case (spherical) : N-electrons atom/ion [ o€
(@B
»4‘
9
kg
Il. The atom/ion in a crystal field
Mn*

lll. Crystal field and magnetism

N.B : In this lecture, atom/ion will be transition metal (3d series)
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Atomic multiplet theory: N-electrons atom/ion

Books

 Free ion (spherical)

R. D. Cowan. The theory of atomic structure and spectra. Los Alamos series
in basic and applied sciences. University of California Press, 1981.

 Free ion (spherical) + crystal field (+magnetism

M. Weissbluth. Atoms ans Molecules. Academic Press, student edition
edition, 1978.

C. J. Baulhausen. Introduction to ligand field theory. Series in advanced
chemistry. Mc Graw Hill, 1962.
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Atomic multiplet theory: N-electrons atom/ion
The free ion case

> Electronic configuration: complete simplified (open shell)
3d transition metal ions 1s522s22p6 3d" 3dn
4f rare earth ions 1522s22p63s23p3d10 4fn 4fn

Orbital level = shell
Quantum numbers: Partially filled = open shell

n principal
forbital (0 & s,1 o p2ed,..),m,
S spin, mg
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The free ion case

I Atomic multiplet theory: N-electrons atom/ion

Quantum numbers:

n principal 1 electron
?orbital (0 & s, 1 & p,2od,...),my

S spin, mg

A ¢; orbital angular momentum (operator)
Ui # ¢
¢; and my, quantum numbers associated to @2, ézz

é%|€imgi> =0;(4; + 1)|[l;my,)
fz,z'\fimm = My, [limy,)
—L; <my, <Y

Same definitions for the spin angular momentum §;, s;, ms,
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. N-electrons atom/ion : the free ion case

1

[3d“ : Filling n electrons in 3d orbitals (£ = 2,s = E):J
m

=-2 1 0 1 2
2(+1=5 |¢,m,> angular functions} 10 functions ‘ 4 4 4 o 11
2s+1=2 |sm,> spin functions oy ! s 2 2
Nb states = (n = o)
Example : Some possibilites:
3d2 ion (V3*, Cr#) : m=-2 -1 0 1 2
. g .
= 45 states
(2) Hy t—4
T | i y

degenerate states

[ Degeneracies => Multiplets (doublet, triplet,...) ]
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N-electrons atom/ion : Hamilitonian

Hion = Hkin + He-n + He-e + Hs-o
N /
Y

Free ion (spherical)

N
h2
Hyin = Z —%V? Total kinetic energy
i=1
N ZeZ

Coulomb attraction nuclei-electrons

4oe,r, Electron-electron Coulomb repulsions
i<j=1 Y
N
H,_, =) &(r;)li8  Spin-orbit coupling
i=1
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I N-electrons atom/ion : Basis functions |¥>

Radial Angular Spin

« Multi-electron functions for N electrons (configuration)
built from the mono-electronic functions

\IJH(Xl, X9,X3, ..., XN ) with x=(r,0)

¢1(x1)  P2(x1) ... On(X1)
¢1(X2) ¢2(X2) ¢N(X2)

1
U(x1, X2, .0, XN) = ) W :
¢1(xn)  P2(xn) .. ON(XN)

 Linear combination of Slater determinant
Anti-symmetric function to satisfy the Pauli principle
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N-electrons atom/ion

Coulomb interaction -Slater intergral

Hion = Hkin + He-n + He-e +&

N J
Y

Contribute to the configuration energy
No degeneracy lifting

4m§0rl.j see also Lecture from Maurits Haverkort
E> haverkort_coulomb_repulsion.pptx
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N-electrons atom/ion : Coulomb interaction -Slater intergral

n—1,n 9 (slide from M. Haverkort)
e
Coulomb Hamlltonlan:‘ H,.. = E —
ri — T

In order to create the Hamiltonian as
— — — ]/ — — —
a matrix we need to evaluate (W(rL, T2y oy Tn) [Hee [ W (71, T2, 0, Tn)

then the following integral‘

<¢T1( 1)$r,s (72) Oy (T 1)¢T4(772)> ¢, () One particle orbital J

\ With quantum number

2

|7°1—7“2|

Solution by Slater: Expand the operator on Spherical Harmonics. Solve the
angular part analytical and the Radial integral numerical (Slater Integrals.)

Also works in solids. (Spherical Harmonics are
not eigen-states, but still a valid basis set).
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Coulomb interaction — Slater Integrals
. . g (slide from M. Haverkort)
Expansion on renormalized Spherical

n—1,n

> —

i<j s

n—1.n oo m=k

Min[r;, r;]" ) (g ) (g
> Y S e O 0,000 05 05"

1<j3 k=0m=-—k

Useful expansion because our basis functions ar
Or(F) = R (r)Yin? (60, )
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Coulomb interaction — Slater Integrals
- (slide from M. Haverkort)

Integral to calculate

(6 (7)m, (72) | 1y

(71) s, (T2)
b7 (7) = X+ RYZ (1) YN0, 0)

Expansion on renormalized Spherical_

§Oxm$‘k R(le) R(lT2)( ) Min[rl,rg]k R(ZT?’)( )R(l”)( )
v Lo\ "2 2| Max(ry, r FHT | T TS

k=0 m=—k

x (Yot (1, 1) [CH) (61, 1)

‘Radial

< Yn(%lTS)(91,¢1)>
x (Yiniz (02, 62) | CSF) (03, 62)" | Yii72 (62, 62) ) Anguler

X (Xorry 1| Xrrg ) Xy | X, )

0

Or 073 Y0507,
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Coulomb interaction — Slater Integrals
(slide from M. Haverkort)
Radial part: Slater integrals -

R() _

T1,72,7T3,T4

- sy
<R£Tl ) (r) Y (1)

Min[rl,m]k

Max[rl,rg]k+1

Angular part: Analytical solution —

(Yor (61,61) | CS (01, 61)
8 <Y,§f:22)(92,¢2) C) (B2, da)*

X (Xar, 1Xory) (Xory || Xor, )

. I\,
R )RS () )

Y'rgzl:s)(ela ¢1)>

Yn(q,l:f) (02, ¢2)>
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I Coulomb interaction -Slater intergral

Angular part: Analytical solution

(Yor ) (01,61) | €S0 (01, 1)

X <Y£:§)(02,¢2) C) (62, ¢2)*

(Irg)
Yars (65, ¢1>>
qu;f) (02, ¢2)>

Coupling coefficients (Glebsch-Gordan or 3-j symbols)
The restrictions over k are deduced from the properties of the 3-j symbols
Clebsch-Gordan coefficients related to 3-j symbols
( (61lamyma|lilalsme,) = (—1)@_[1_””3\/253T(E1 b L ) J

my M2 —MNy,

/m:”i(e,@ |G (6,9) 1 Y77 (6, ¢)) = D
(_1)mi\/(2li+1)(2lj+1)( lo l(; 15 ) ( —lm rl;z 72} )
S —

[ _€+k+€ even
=+ 0

3
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Coulomb interaction — Slater Integrals

(slide from M. Haverkort)

d —electrons  (3d")

-l 2
) G000 0 )
X Yﬁ:j)(92,¢2) M|Yrg:f)(92,¢2)>
0 k4  k+2{;even = k even
“(o 0 > Lﬂ"f |zi—ej]<k<£i+ej;»0<k<4}
kl=0,2,4

R(O’QA) _EF(()?ZA) Direct Slater integrals }
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Coulomb interaction — Slater Integrals
] ) . (slide from M. Haverkort)
Core (p) valence (d) interaction — dlre-

=52
MW\M
< (Y972 (0, 65 W\Yﬁzf 02, 02))

( gz> (gj ) f k + 2¢; even = k even
x
000 0)\0 0 0)]FOM cr<o2ando<k<4)=0<k<2

k=0,2

R(O 2) [F(() 2) Direct Slater integrals }

2,1,2,1 — between inequivalent e
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Coulomb interaction — Slater Integrals
Core (p) valence (d) interaction — exc- (side from . Havericor)

-l -l
) G000 2 )
< (VA3 (02, 00) [CRD B2 ) Y22 (02, 02)

b kY k+3even = k odd
“\o o o)

#0if |£Z—£‘7]<k<€fb—|—€j$1<k‘<3

kl=1,3

R( 1,3) {G( 1,3) Exchange Slater integrals }

2,1,1,2 between inequivalent e
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X <‘Y£:i2)(92, ¢2) ‘W h Yfrg:f) (02, ¢2)l>
X <-HH> <‘50' “HXJT ‘> (slide from M. Haverkort)

Graphical

AL

see haverkort_coulomb_repulsion.pptx

‘n3l3m303‘ inllg—kmg—m()'gl
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Coulomb interaction -Slater intergral

The general expression for the electron-electron interaction matrix element is

<\P(F1, 772, ceny ’I?n)’Hee‘\Il/(’F’l, 7?2, ey '
205 shells

Z Z Full;,05) Fk:(g Z;) Eadial integrals’ Direct term
Slater-Condon’l.  getween equivalent electrons

(belonging to different shells)

J angular integrals
Depend on orbital momentum
and electron filling of the shells

Min(2¢;,2¢;) shells

+ Z Z Fre(li, £5) Fk(gz,g) Direct term

Between inequivalent electrons
%7’5] (belonging to different shells)
i+ shells
+ Z Z gr (i, 0) G (€5, 45) Exchange term
% Between inequivalent electrons
i) (belonging to different shells)

Radial integrals calculated numerically from Hartree-Fock atomic spin-orbitals

NG / / k+1 | Pty (7)2 Prje, ()2 drrdr” Can be scaled to account for
=) covalency, i.e. delocalization =
F(;,05) / / kjlp;; 0. (r) By o (") Prja; (1) P, (") drdi” Adjustable parameters
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I Coulomb interaction - Slater intergral

Core hole = Two (or more) open shells

Example : L, ; edges of a 3d"ion

Initial configuration 2p®3d"

F2(3d,3d), F4(3d,3d)
Electronic repulsion between 3d e

U

Final (excited) configuration 2p53d"*"

F2(3d,3d), F4(3d,3d) e 3d

F%(2p,3d) direct repulsions e 3d-2p
G'(2p,3d), G3(2p,3d) exchange repulsions e~ 3d-2p

Radial integrals calculated numerically from Hartree-Fock atomic spin-orbitals
(codes: RCN from R. Cowan, FPLO,...). They are included in the Crispy interface

(M. Retegan) - Lecture Friday
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Coulomb interaction : Basis functions |L,S,M, ,M¢>

No spin-orbit  Hi,,, = Hyiy + Heo, + Heo + H

=) Basis function for N-electrons  |LSMp Mg)
N

L = E Ez’ is the total electronic orbital momentum of the atom
Z]:Vl\) A Z means & : coupling of angular momentum

S’ = E S; s the total electronic spin momentum of the atom
1=1

C> Hi., and L2, S? have common eigenfunctions

A A

since Hyj,+H, ,+H... commutes with L2, L., S 2, S,

Heidelberg 2024 21



Coulomb interaction : Basis functions |L,S,M, ,M¢>

No spin-orbit H,,, = H,;, + H.., + Hoe + H)\_

=) Basis function for N-electrons  |LSMp Mg)

N
— Z l; is the total orbital momentum of the atom
i=1
N
= Z S; is the total spin momentum of the atom
i=1
m) Exemple : 2-electrons [ Coupling of angular momentum }
2 £o
|€1£2LML Z Z £1€2m1m2|£1€2LML>|€1m1>|€2m2>
ml——Fl no=—— fg Y

Clebsch-Gordan coefficients related to 3-j symbols

|€1 - €2| < L < 61 + 62 <€1€2m1m2|€1€2LML> = (—1)62_£1_ML V2L +1 (61 b2 L )
mq 1Mo —ML
Mp = mq1 + me
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Coulomb interaction : Basis functions |L,S,M, ,M¢>

No spin-orbit Hi,, = H,, + H..,, ¥+ Heo + H\

m) Basis function for N-electrons

» Exemple : 2-electrons

21 Lo
‘€1€2LML Z Z €1€2m1m2\€1€2LML>|€1m1>|€2m2>
ml——ﬁl mg——fg
(01 —Lo) < L <4y + 4
My, = mq + mo

151505 Mg) = Z Z (8189M s, Mg, |$1520S Mg)|s1ms, )|sams,)
=—851 m32— S92
|51 — 52| < 5 <51+ 59
MS’ = Mg, +m32

L |[LSM;pMg) antisymmetric combination of [|¢1¢2LM ), and |3152SMS>}
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Coulomb interaction

Basis functions |L,S,M, ,Ms> - Spectroscopic terms

No spin-orbit  Hjon = Hy, + He, + Hee +h&

m) Basis function for N-electrons |LSML MS>

v" The energy of| LS M, M) does not depend on M7y, Mg

v Degeneracy (multiplicity) = (2L + 1)(25 + 1) Multiplet state

Orbital degeneracy Spin degeneracy

/Spectroscopic term |[L S M_Ms> \

S+1 T

letter for L
Spin multlphClV I'=S pour L=0
['=P pour L=1

['=D pour L=2

\ I'=F pour L=3/
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Coulomb interaction

Basis functions |L,S,M, ,Ms> - Spectroscopic terms

No spin-orbit  Hig, = Hyip, + Heo, ¥ Heoe +h}f

Exemple: d’

(110) = 10 states

—
o
—_—
N
3
%}

Il
N’r—‘
N =

>

I
-

SH >

I

o

h

I

(o NS
I

I~

DO

— D term

U
I
-
(VAP
~.
I
>

<
[
—_

N

|l

W

I
DO |

d1
— 2D
1 Degenerate state

Multiplicity =10
Spin doublet
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Coulomb interaction
States/Spectroscopic terms for 3d? ion

=2
3d2 m = -2 -1 0 1 2
4| t
K" [ [
10

L=0af 0<L<20=4 L[=0,1,2314
(by step 1) S,P,D,F,G terms

S=5DSs 0< S <2s=1 Spin doublet or triplet

Antisymmetric states 1S 3P 1D 3F 1G
9 9 9 9

5 terms/states
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Coulomb interaction

States/Spectroscopic terms for 3d? ion

A Energy
lg
0,202, 24
FO4 ZF 4 CF
0 4 2 1 4
3d2 3p o3 A
—iizoIIT 21 21
N 1 0 3 o 4 4
0_ 252 2.4 D -+ oF
P - = =F 19 49
. 8 1
N FO_ S p2_ L p4
3 49 49
B8 Firstand second "
Hund'’s rules
He—e
No
Spin-orbit

—

Ground state:

Given by Hunds rules

1. max S
2. max L

Heidelberg 2024
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N-electrons atom/ion : the free ion case

Spin-orbit coupling

Hion = Hkin + He-n + He-e + Hs-o
N /

Free ion (spherical)

N
Hs = Zg(ri)gi-éi Spin-orbit coupling
i—1
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N-electrons atom/ion : the free ion case

Spin-orbit coupling : basis function

Hion = Hkin + He-n + He-e + Hs-o

) Basis functions for N-electrons |(LS)JM; >

J=L&S operator associated with the spin-orbit coupling
L-S|<J<KL+S

=) Common eigenfunctions with jQ,j\Z,ZQ,§2

H.,+H. ,+H. .+H,., commutes with 52 , fz, EQ, §2

72 a2
(Hgin*+Ho.n+Ho.. commutes with L2, L., 5%.5,)

=> The energy of \(LS) JM ; > does not depend on M,

Degeneracy = 2J+1

Heidelberg 2024
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N-electrons atom/ion : the free ion case

Spin-orbit coupling : spectroscopic terms

Hion = Hkin + He-n + He-e + Hs-o

™) Basis function for N-electrons  |(LS)JM; >

@ctroscopic terms |(LS)JM; A Example: d’

2S5+1 r J value L=2, 5212
J PN IL-S| < J < L+S
J J=3/2,5/2

Spin — “Ds,

multipiicity letter for L —2D 2 states
I'=S pour L=0 T Dy
I'=P pour L=1
I'=D pour L=2 Hee Heet Hsoo
I'=F pour L=3

< 4
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N-electrons atom/ion : the free ion case
Spin-orbit coupling : matrix elements

A a? 1.dV;(r;)
Hy,_,= E f(’l“i)fi.si &i(ri) = 2 v drs
i=1 V; central-field potential

for an electron i the spin-orbital i

The general expression for the spin-orbit interaction matrix element is :

shells
(aLSTMj|Hgola'L'S'J M) = Z d; C; radial integrals
J

Numerical from HF calculations

o0
| 2nguar egrals ¢ / &4(r0)| P, (r) P

configuration (analytical)

Cj Radial integrals calculated numerically from Hartree-Fock atomic spin-
orbitals (codes: RCN from R. Cowan, FPLO,...). They are included in the Crispy
interface (M. Retegan) - Lecture Friday
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Coulomb interaction + spin-orbit

States/Spectroscopic terms for 3d? ion

Ground state:
Given by Hunds rules
1. Max S

A Energy 2. MaxL
3. Min J (if less than half full)

Max J (if more than half full)

N L3 Ground state given by
—nssesi: 5 third Hund's rule

No
Spin-orbit Spin-orbit
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I Coulomb interaction + spin-orbit

Core hole = Two (or more) open shells

Example : L, ; edges of a 3d"ion  Radial integrals

Initial configuration 2p®3d"
2 4
F (3_d,3d), F_(3d,3d) 4 ng
Electronic repulsion between 3d e
0.02 eV < (34 <0.1eV
3 10 eV < (op <20 eV

Final (excited) configuration 2p°3d"+1

F2(3d,3d), F4(3d,3d) e 3d

* CSda C2p
F2(2p,3d) direct
G'(2p,3d), G3(2p,3d) exchange
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I Coulomb interaction + spin-orbit Quanty

Quanty script — [ Next tutorial ]

OppUF0 =NewOperator("U", NF, IndexUp_3d, IndexDn_3d, {1,0,0}) _
OppUF2 = NewOperator("U", NF, IndexUp, IndexDn, {0,1,0}) — Angular integrals
OppUF4 = NewOperator("U", NF, IndexUp, IndexDn, {0,0,1})

F2dd =11.142 . Radial integrals

F4dd = 6.874 (Numerical from
Hartree-Fock or

Oppldots = NewOperator("ldots", NF, IndexUp, IndexDn) = ab initio)

zeta_3d = 0.081

-
<

Hamiltonian = FOdd*OppFO0 + F2dd*OppF2 + F4dd*OppF4
+ zeta_3d*Oppldots
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Atomic multiplet theory: N-electrons atom/ion

Crystal field

Il. The atom/ion in a crystal field
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Crystal field theory : origin

Hans Bethe (1906-2005) [2]
(Nobel Prize in Physics 1967)

Y

In 1929 (University of Tubingen) [1]

“ Either we treat the crystal as a complete

whole (spatial-periodic potential field and
wave function) “ (F. Bloch theory)

or

“ one can start from a free atom and treat
its disturbance in the crystal *

¥

“the atom in the crystal is influenced by
the other atoms by an electric field of
certain symmetry“ = Crystal field

[1] H. Bethe, Annalen der Physik, 1929

[2] W. Kutzelnigg, Angew. Chem. 44, 25 (2005) _
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Crystal field : origin
Hans Bethe (1929) : Model used for NaCl crystal.

a Crystal field (CF) n

NaCl crystal

Electric potential generated by the charges of
the neighbor atoms

o /

Na™ ion surrounded by 6 Cl- ions (nearest
neighbors

» CF = Electrostatic potential produced by 6
negative charges:

0 &
Veor = E —
. T;

1=1

Y (r.= Na-Cl distance)

» Depends on the local symmetry

H. Bethe, Annalen der Physik, 1929
Heidelberg 2024 37



Crystal field : generalization

Analogy in solid-state or coordination complexes :
Consider the ligands as charged spheres

Local model (restricted to the first neighbors /ligands)

(0
Perovskite SrTiO;

Tp=tris-pyrazolyl borate
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Crystal field Symmetry

Symmetry : responsible for many physical and spectroscopic
properties of compounds

Group theory : powerful tool

» simplify calculations,

» predict some properties

» defines the language of labeling
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Crystal field Symmetry

Symmetry operations : some notations to know

* E, the identity
« C,, arotation by an angle 211/n;

« o reflection in a plane, classified as

* o, reflection through a plane perpendicular to the axis of highest
rotation symmetry, called principal axis

* 0Oy, reflection through a plane to which the principal axis belongs

* 04, reflection through a plane to which the principal axis belongs,
and bisecting the angle between the two-fold axes perpendicular
to the principal axis.

« Sn=0nQCh, improper rotation of an angle 211/n
| = S;, the inversion.

:> Quanty

https://www.quanty.org/physics _chemistry/point_groups#symmetry operations

Heidelberg 2024 40



n Crystal field Symmetry — Point groups

€ A group of symmetry is an ensemble of symmetry operations (group theory)
€ Each group is labeled (in Schonfliess notation)

€ Each group has a table of representations




Crystal field Symmetry — Point groups

STTiOg

Octahedral Approximative
Group : O, Trigonal group :
C3v

> Local point group deduced from crystallography data (.cif or other)
or approximation
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Crystal field Symmetry — Point groups -tree

Symmetry - "Tree"

iES linear system ? No

ho inversion center? hd- ®. 4 XHC,, ®=2, n=37 i
Do

multiple
¥ es (E - |_No higher
i order axes
Yes
i? No
Yes on? No

Quanty :
http://www.quanty.org/physics _chemistry/point_groups#a_flow
diagram_to_determine_the point_group
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http://www.quanty.org/physics_chemistry/point_groups

Crystal field Symmetry: Octahedral O,

Character table

| Symmetry elements Basis functions
$ E 8C3 6C,|6C,|3C, =(C4) i 654|886 30, 60% r(‘)‘t‘;‘t:f‘o"ns quadratic

Aglt 111 1 1 1 1|1 1 x2+y2+z?
Apgll 1 -1]-1 1 1 1|11 -1
Egl2 -1 0|0 2 2 0/-112 0 (22%-x2-y2, x2-y?)
T3 0 -1 1 -1 3 110]-1 -1 RuRRY
Tyl3 0 1 |-1 -1 3 -1101]-1 1 (Xz,yz, Xy)
Al 11 |1 1 1 -1 -1 |1 -1
Al 1 -1]-1 1 11| -1)-1 1
E,J2 -1 00 2 2012 0
Til3 0 -1 1 -1 31101 1 (xvy,2
Tou)3 0 1 |-1 -1 31101 -1

Irreducible representation
labeled the symmetry properties of a state in the group
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Crystal field Point groups: Quanty website

All you need is in the web page Quanty.org
http://quanty.org/physics chemistry/point groups

& Llogin

Article | Talk Read | Show pageso®ge | Old revisions ’ Q
| Rl |

Point groups (mm Contents -\

= - Point groups
Nonaxial groups | C; -1 Cs-m C-1 -Different orlentations
SER - Symmetry operations
Navigation C, groups C,-2 C3-3 Cy-4 Cs-5 Cs-6 C;-7 Cs-8 Irreducible representations
Quanty _ D, groups D, - 222 Ds- 32 D, - 422 Ds - 52 Dg - 622 D;- 722 Dg - 822 ";J]'g;"g‘r’é‘:“%’am R
= Acknowledgements
é Physics and Chemistry ] Cnv groups Cov-mm2 | Cgy-3m | Cyy - dmm -(;-.5.". -5m Cey - 6mm 97.". % -7-T-n- -c-:-.a.". & 8—’-73![1 - Table of several point groups

st Cnn groups Con-2/m |Cg-8 Can-4/m Csn-10 Cen - 6/m 519058, Of CoTTIS
Download area = =
Copyright Dpp, groups Don - mmm | Dgy, - 6m2 | Dy - 4/mmm | Dsp, - 10m2 | Dgp, - 6/mmm D7n - 14m2 Dgn - 8/mmm K )
:umc:rs . Dpq groups Dag-42m | Dag-3m | Dyy- 82m Dsg-5m | Dgg- 122m Dyg-7m | Dgy-162m

ow to cite = =
User publications Sn groups S,-2 S,-4 Ss-6 Sg - 8 Syp-10 Si2-12
(F.)ueslions and answers Cubic groups T-23 Th-m3 | Ty-43m 0-432 Oy - m3m 1-532 In-53m

orum

Linear groups Coov Doon
Workshops
Calendar The following set of pages list properties of the different point groups and their irreducible representations. The table above links to the main page of each of the different point group. For each
Heidelberg group we list the character and product table. Often one needs to answer the question how a potential in a given point group looks like and what the eigen-states of that potential are. The eigen
states can be grouped according to the irreducible representations of the group and for each of these representations one can give representing functions. The form of these functions and the

Script versions potential however do depend on the orientation of the point group. We therefor list for each point group different orientations.
Quanty.nb . . .
Cuankcn Different orientations
Quanty.py

As we are interested in explicit representations we do need to specify the orientation of the symmetry operators. This results in several tables for the same point group but with different choices
for the symmetry operations. For example the cubic O, point group can be represented with the Cy axes in the z, y and z direction, or with a C3 axis in the z direction. We list several

External programs ¥ : : :
orientations of the different point-groups available.

CTM4
£y Symmetry operations
DFT and Hartree-Fock
We use the following notation for symmetry operations. [N
Privacy
Privacy policy E = identity
Printlexport Cp, = n-fold rotation

Printable version S, = n-fold rotation plus reflection through a plane perpendicular to the axis of rotation
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Crystal field Point groups: Quanty website
orientations

8

® quanty.org/physics_chemistry/point_groups/oh/orientation_xyz

Article l Talk l

Orientation XYZ

Symmetry Operations

Navigation
In the Oh Point Group, with orientation XYZ there are the following symmetry operations
Quanty

Documentation
Physics and Chemistry
Register

Download area
Copyright

Authors

How to cite

User publications
Questions and answers

Forum I
Workshops
Calendar Operator | Orientation
Heidelberg E
Alba {01070} 3
03 {17 17 1} ) {11 17 _1} ’ {1: _17 1} ) {_17 17 1} ) {_17 _17 1} ’ {_17 17 _1} ’ {17 _17 _1} 3 {_1, _17 _1} ’
Script versions
02 {11 lyO} ’ {1: _1,0} ’ {110y _1} ’ {110, 1} ’ {Oa 17 1} ’ {07 1’ _1} ’
Quanty.nb
Quanty.m Ca {0,0,1},{0,1,0}, {1,0,0}, {0,0,—1}, {0,-1,0}, {—1,0,0},
Quanty.py C, {0,0,1}, {0,1,0}, {1,0,0},
External programs - {0’0’0}’
CTM4 S4 {0,0,1},{0,1,0},{1,0,0},{0,0, _1}!{0’_170}1{_17070}|
Crispy Se {1,1,1},{1,1,-1} ,{1,-1,1},{-1,1,1}, {-1,-1,1},{-1,1,-1},{1,-1,-1},{-1,-1,—-1},
DFT and Hartree-Fock on {1,0,0} ' {0, 1,0} ’ {0’0’ 1} :
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Crystal field Point groups: Quanty website

orientations

http://quanty.org/physics chemistry/point groups/oh

Article | Talk | | Read l Show pagesource | Old rev

, y
@

. . )

Orientation 111z

Symmetry Operations
Navigation

In the Oh Point Group, with orientation 111z there are the following symmetry operations
Quanty
Documentation o o
Physics and Chemistry A — g o
Register — N
Download area 3 . /4
Copyright S N7
Authors E;ﬂ .a:j
How to cite 5 /7
User publications | 4_ o
Questions and answers 7 : ) L A
Forum s — o
Workshops
Calendar Operator | Orientation
Heidelberg E {0 0 0}

S ’
kil Cg {07071},{07&_1}’{2+\/§7_1,%(1+\/§)}'{2a27_1}v {17 _2_\/§7 171\/5} ‘{_2_\/§a1: 1,1\/§}'{_2’_2’1}’{_1’2+\/§’%(1+\/§)} ’
Quanty.nb
Quanty.m G {1,-1,0}. {2+ 31,0} {12+ 5,0} {1,1,-2} . {-2- V51,2 (1+v3) }. {1,-2- v3,-2 (1+v3) }.
Quanty.py
@ iy -u-1-1 {n-2-va1+ v {2 - VB L1+ va) {12+ vB -1 - vB} . {2+ VB -1,-1- v},
External programs C
5 = — s = —

e {11} {1,-2- v31+v8} . {-2- V3 1,1+ 3},
NS i {0,0,0},
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n Crystal field Hamiltonian

Crystal-field theory
Approximate the solid by a single atom in an effective potential

V(r)

1111 WARNING !!!!
Crystal-field potentials do not exist.
They are effective Hamiltonians introduced to mimic
covalent bonding.
Covalent bonds are stronger than ionic bonds
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Crystal field Hamiltonian

Crystal Field (CF) potential :
expanded on the normalized spherical harmonics

/
Hop = Z Z Ak,mClT(ea¢) Ck:,m(ea¢) — (2;3111)1 QYk,m(QaqS)

Ay are the crystal field parameters

\-} The infinite sum is limited by 2¢

(from CF matrix element calculation)
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n Crystal field Hamiltonian — matrix element

[ The crystal field potential \ / Basis function (one electron) \

00 k
1
Hep = E § Ak,mc}?(& qb) ¢i(ra J) — r nil; (T) Yf,m(ea ¢) Xmes, (U)
k=0m=—k B . . sp'in

Radial

Angular

\ Spherical harmonics

\_

For an electron in orbital g

(PilHor|pj) < (Yo,m,; |Cr,m|Yem;)

¢k ¢ ¢k 7/
OCOOO —m; m m;

# 0 if k even (20 + k even), 0 < k < 2/
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n Crystal field Hamiltonian

24

Hop = E E [Ak fm]Ckm(@ o)
k=0, m=—k l
k even
A = (1" AL
Hermitian Matrix
Exemples
3dion f = 9 4fion f = 3

k=024 k=0,2,4,6
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Crystal field Hamiltonian and symmetry

[The sum over k is reduced by symmetry properties }

20
Hep= ) Z Ak,mCr,m (0, ¢)
k=0, m=-—
keven

cs | CF Hamiltonian belongs to the point group symmetry G
- isinvariant under all symmetry operation O, of G

O;Horp = Hop

Point group G=0, Some A, = 0 due to symmetry
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Crystal field Hamiltonian and symmetry

Example : O, symmetry

O;Hcr = Hor

\ l‘E 8C; 6C2i6C4i3C2 =(Cy? i 6s4i8S6i3Gh 604
Al 1 11 Lo rrjryr it
Agll 1 |1 1 LA
Eg2 -1 00 2 20)1j2]0
Tig(3 0 -1 |1 1 3 1jog-t -t
Tye|3 0 1 -1 L 3 -4j0)1 1
Anlt 1 1] I pAj-ty-t -
A/l 1 -1 ]-1 1 i B
Eg2 -1 00| 2 20|1]20
T3 0 -1 1] 1 3]0 |1 1
: Tou3 0 1 |-1 -1 S Lot -

Only 2 non-zero Axn : Ago, Asg

(Ao Spherical term)

[5 N
H3l = Ay oCY + ﬂ,44,0(04 14

HCF C Alg

Fully symmetric representation
Ag=T1

CF matrix

Y2,-2)Y(2,-1) Y(2,0) Y(2,1) Y(2,2)

Y(z’ _2) .

Y2, -t

Y(z, 0) 7 -

Ye, Dt

Y(z, 2) | .
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n Crystal field 3d atomic orbitals

1
> Basis of atomic orbitals  ¢:(r,0) = —Prie (T)[Ye,m(@, qb)}Xmsi (o)

» 3d shell : n=3, /=2 2/+1=5 basis functions (-2<m,<2)

[ Y2 1m, (6, ¢) with my = —2,—1,0,1,2 }

> [3d orbitals}= real functions, linear combination of[ Yo m, (6, ¢)}

doy — =1p2=750F-Y%)=/22 ay/r’

yz/r*
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n Crystal field 3d splitting in O, symmetry

5
ng}f“ = (A0,0C0,01) As,0C1,0 + \/ ﬂA4,0(C4,—4 + Cy 4)
1) CF matrix in {Y, .} basis (see quanty.org)

tm) =12 —2) 12 —1) 12 0) 12 1) 12 2)
AO,O + %AAL,O 0 0 0 25*1/1470 .
0 Aoo— Ay 0 0 0 Not diagonal
0 0 Agp+ 2440 0 0
0 0 0 Ago— 2= Asp 0
2751144’0 0 0 0 Ao,o + %AAL,O

2) Diagonalization

Ay dye dy,  dye  day

Ao+ 2440 0 0 0 0
0 Ao+ 244 0 0 0
0 0 Ao — 2= Aup 0 0
0 0 0 Ao — o= Aup 0
0 0 0 0 AO,() — %A;l,()

=N O,, crystal field splits the d orbitals in two groups
{dx2_y2, dzz} and {dyz, dmz, dfcy}
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Crystal field

3d splitting in O, symmetry

Use of group symmetry

Character table for Oy, point group

E 8C3 6C,|6C43C,=(C,)% i 6S4/8S4|30, 604 r;‘t‘:t’f‘o"ns quadratic
Al 1 1|1 1 1 11 ]1 1 x2+y2+z2
Ayl 1 -1 -1 1 1 -1l 1|1 -

Eg12 -1 00 2 2 0|-1[2 0 272-x2-y2, x2-y?
Tig(3 0 -1 1 -1 3 110]-1 -1 RuRy,RY

Tyl3 0 1 |-1 -1 3110 |-1 1 (XZ, yz, Xy)
Al 1 1|1 1 S T S T S RS |

Al 1 -1 41 1 101111

Eg|2 -1 010 2 2012 0

T3 0 -1 1 -1 311071 1 (X,Y,2)

Tyawl3 0 1 |-1 -1 31001 -1

{d$2_y2,dz2} € €q
{dyza dxzw d:cy} S t29

orbitals

> d orbitals are called e;and t,, *

» From the Oh group properties, one can guess the splitting of the d

©IN.B. : lower case letter (e, and t,,) for one electron
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Crystal field 3d splitting in O, symmetry

= Ao+ 3As0= +6D,
= Aoo — 57410= —4D,

Towards the ligand : destabilized

10Dq = E., — Ey,, Crystal field strength

(parameter)
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Crystal field O,, Crystal field parameters

y " eq (x2)

I, 2
/- +6Dg Ee,= Ago+zA10= +6D,

3d (x5) 10D 4
{ 4 Ei,, = Aoo— 57A40= —4D,
* —4Dq
v
—_— 1, (x3)

Quanty : A, defined in function the orbital energies

( %Eeg—l—%Eth k=20 m =10

2B, —E,) k=4 m=0

Apon =
g | 2 5 (B, — Et,)) k=4 m=+4

-

10\ 14

0 True
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Crystal field Tetragonal (D,,) crystal field

(¥ % ', ‘_‘_‘ '”__k,

Elongated Square planar

or compressed O,
along C, axis
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Crystal field Tetragonal (D,,) crystal field

Character table for Dy}, point group

linears
2C G, 2C', 2C'"y | |28 20, (2 ’ i
E|2C4 (z) C, 2C', 2 i |254|0p|20y20q . " quadratic

e s Tae A 1| 11 1 1 1|11 2y (2
Ay 1| 1 1 -1 -1 1[1|1]|-1]-1 R,
x2y2
Xy

Byg 1| -1 1 1 -1 1|-1[1[1]-1
Square planar By 1| -1 1 -1 1 1[-1[1|-1]1
Elongatedd o E; 2/ 0 -2 0 0 2/0[2/00 RuRy [(xzy2)]
or compressed A 1| 1 1 1 1 -1f-1|-1]-1]-1 -
along C, axis
Ay 1 1 r -1 -1 -1]-1|-1| L1 z
Byy 1| -1 1 1 -1 et |-1]-1] 1
Byy 1| -1 1™ 1 -1 1 |-1| 1 |-1

1 .
Eu‘9 U 2.0 0O -2/01(2,01]0 (X,y)

From D, table, one predicts the 3d splitting in 4 groups

{dz2} € a4
{da:2—y2} < blg
{dsy} € bog

Ay, d €e
1daz, dy: } g Heidelberg 2024 60



n Crystal field Tetragonal (D,,) crystal field

Hgf:h = Ay 0Co.0 + A2,0C2,0 + A10C10 + Asa(Cy 4+ Cy4)

» CF matrix diagonal in the {d} basis

dpo_yo doo dy, den  dy,
([ EBa, 0 0 0 0 \

0 E,, 0 0 0

0 0 E, 0 0 4 energy levels
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Crystal field Tetragonal (D,,) crystal field

ngéh = A0.0C0.0 + A2,0C2,0 + A10C10 + As,4(Cy, 4 + Cy4)

O, D, (elongation)

,,,,,,,,, - — by (d2y) ﬂ@
______ —”‘/——— 2DS — Dt T

increasing stretch along z >

(*)The relation with Dq,Ds,Dt in Konig&Kremer « Ligand field. Energy diagram »

,
~< \\
\
c\
% ‘ P
Z
x
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Crystal field Crystal field Hamiltonians in Quanty

5) 5
HEE = Ag0Coo + As0Capo + \/ ﬂA4,o(C4,—4 + Cs4) =21D,Cy o + 21 ﬂDq(CKL,—ZL + Cy.4)

1) Pre-defined CF potential

Akm = PotentialExpandedOnYlm("Oh",2,{0.6,-0.4});
OpptenDg = NewOperator ("CF", NFermion, dIndexUp, dIndexDn, Akm);

The Oh potential is defined by:

(2 3 _ _
231E69 + 5L, k=0 m=0
_(Eeg_Etgg) k=4 m =20

10

Apm =
bm =\ S5 (B, B, ) k=4 m=x+d

10\ 14
0 True

\

2) User made CF potential: Akm={{k1,m1, Ak, m, }, {k2, m2, Aky ms }, -}

Akm = {{4,0,21/10},{4,-4,21/10sqrt(5/14)}, {4,4,21/10sqgrt(5/14)}};
OpptenDg = NewOperator ("CF", NFermion, dIndexUp, dIndexDn, Akm);

3) Hamiltonian

Tutorials today
Hecr = 10Dq *x OpptenDg
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n Crystal field Crystal fied parameters : Notations

Vary from an author to the other

20
Hep= ) Y AkmCrm(0,0)|  (Haverkort/Quanty)
k=0, m=—k
k even
Hep(r Z Z | Akm Crm (0, ¢) = Z Z Bm Crm (6, 9)
k=0m=—k k=0m=—k
Parameters used mostly by chemist Parameters used in Quanty : A,
Symmetry-dependent Orbital energies + off-diagonal elements
(Balhausen, Konig, Kremer,..) Symmetry-dependent
10Dq for O, Eoq Etpg for Oy,
10Dq, Ds, Dt for Dy, Eatg Eeg Evtg EvzgT0r Day
10Dg, Do, Dz for Dy, or Cs, ~E 419 Eeg, Eegfor Dsg (1! Not general case !!!)
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Crystal field Lower symmetries

O, 1 parameter (10Dq or A, () 2 energies E. , Ey,,

D, 3 parameters (10Dq,Ds,Dt 4 energies  Lay,> Eby,, Ee,, Eb,,
or A, 0,A40,A44)

D;, 3-4 parameters (10Dq,Do,Dt 3 energies FE, ,FE. , FE.,

or A2,OaA4,0’A4,3 aA4,-3)

C,, 9 parameters (XX 5 energies (5 orbtials)
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n Crystal field Multi-electrons ions 3d"
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n Crystal field Multi-electrons ions 3d"

A lot of physical-chemical properties are due to the crystal field

For example - Atomic number (Z)
- Color | > | - Number of electron (n) 3d"
- Magnetic properties - Crystal field strength (=10Dq)
ligand
 (Igana) Y
Transition Metal lon Colors in Aqueous Solution
\/ J \J \/
Titanium Vanadium Chromiu m
T A" C
ot </ \J \/ \/ \/
Manganese | Cobalt Nickel Copper
Mn Fe Co Ni Cu
5ooo uoooo |5ooo 20000 25,000 30,000 35000

UV-visible Absorption spectroscopy
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Crystal field Hamiltion for N-electrons ions (3d")

Hion = Hcin + He-n + He-e + Hs-o+ HCF

N

Crystal field
Free ion (spherical)

N K2 ,
Hcin = z -~ V,,l. Total kinetic energy

i=1 2m
N ZeZ
H,_, = E - 4 Coulomb attraction nuclei-electrons
i=1  TIELL;
N 2
H =Y
e 4re,r Electron-electron Coulomb repulsions

N
H_, = E & (r)l.s, Spin-orbit coupling
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Crystal field N-electrons ions : basis functions

> Basis functions

Spherical symmetry:
I(L,S) J M,>

Local symmetry around the ion — point group G:
. Basis functions of the representations of group G
P (L,S)JTy>
) afse " irreducible representation of G
['y basis function of G

» Thole’s code (F.M.F de Groot : TTMULT, CTM4XAS)
uses group theory and the {I'} basis

> Quanty

» uses group theory only for crystal field potential building
+ uses spherical {Y,,} basis and not the {I'} basis.
» although Quanty is a many body code, the basis set is defined by one particle

» uses {['} to label the states (spectroscopic terms)
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Crystal field N-electrons ions 3d"

Configuration and symmetry

d? ion in O, symmetry

e
by H—— = 1 T
Orbital degeneracy 3 6 3x2=6 3x2=6
Spin degeneracy 1 (S=0) 1 (S=0) 3 (S=1) 1 (S=0)
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Crystal field N-electrons ions 3d"

Spectroscopic terms
Hion = Hkin + He-n + He-e + Hs-o + HCF

Spectroscopic terms

Free ion (spherical) Crystal field
/ ((LS)JM; > \ / ((LS)J Ty > \
2S+1 28+ 1T
I, J

Spin <—J L Spin_ L L

multipiicity letter for L multipiicity
'=S pour L=0 Irreducible representation
I'=P pour L=1 of the point group

(local symmetry)

I'=D pour L=2
\\ I'=F pour L=3/ \\

Heidelberg 2024 71



Crystal field N-electrons ions 3d"

Spectroscopic terms

Hion = Hkin + He-n + He-e + Hs-o + HCF

Spectroscopic terms

Crystal field Crystal field + Spin-orbit
/ (LS)J Ty > \ / (LS)J Ty > \
2SH T
Spin L
multipiicity
Irreducible representation
of the point group
(local symmetry)

- V € 4
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Crystal field N-electrons ions 3d"

Matrix elements / group theory

HCF S * (fully symmetric representation of group G) Alg =1
* g only for centro-symmetric group

((Li, Si)ili|Her|(Ly, S;)J;L5) # 0
if Fz X FHC’F X Fj - Al(g)
if I' ® Al(g) X Fj =1, ® Fj - Al(g)

EI;{ Crystal field mixes J states if I'; @ I'; 5 Ay }

(group multiplication table)
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Crystal field N-electrons ions 3d"

Matrix elements / group theory

HCF S * (fully symmetric representation of group G) Alg =1
* g only for centro-symmetric group

((Li, Si)ili|Her|(Ly, S;)J;L5) # 0
if Fz X FHC’F X Fj - Al(g)
if I' ® Al(g) X Fj =1, ® Fj - Al(g)

E>[Crysta| field mixes J statesif 1'; @ I'; © Ay () ]

(group multiplication table)
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Ex: d' (d°) ion in O, symmetry

Orbitals

O;

L=2
S=1/2
J=3/2,5/2

States (spectroscopic terms) d°

; 3 5

— U _ _ 2 / / _ < /

N == U0+ BT =25,U) e,
— “Dsp
— 2D . ¥ _ En _ ‘J _ §,E//> — T

Dgjy.. & °3 , 29

= U =al = S0 A = U

03 03 Oh Oh

+spin-orbit + spin-orbit

=

J states mixed by CF and SO

Heidelberg 2024
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Crystal field Energy levels for 3d? ion (Oh)

3d? I > Crystal field splitting of the >F ground state
’ From the group branching table

F—I_(L = 3) - 3+(03) — Alg + ng + Tlg(Oh)

= &, ++

3d* /3P _
_e\i_-:: ____ tZQ
45 states . D
states . ,
N Azg e -
‘_-55::::::— 3 ? +
Sp T Tag t 4
3T1g 29 |
Free ion e —
O Oy ’
3 4
g -4 FAN
(spin-orbit omitted for simplicity) O, Simplified

strong field orbital scheme

- From the multi-electronic state, one can get the electron density on the orbitals of
the group (it is not necessary integer)
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Crystal field Energy level diagram / Tanabe-Sugano

> Plot of the energy of spectroscopic terms (*°T'T" or 2°H1T ;)
as function of crystal field parameter (10Dq,Ds,...) (and B Racah parameter (*))

» Tanabe-Sugano diagram (1954) > Konig&Kremer (1970)
O, (T4) , no spin-orbit Low symmetries+spin-orbit
3 AZg oot s e
o2 | -
; =
E/B - ,_3T29 —
3F °F 1 2 3 3T1g .
A/IB 0o

A =F°(3d,3d) — 2F*(3d,3d)

B = 5F?(3d,3d) — 2:F*(3d,3d)

C = 2£F4(3d,3d)

(*)B Racah parameters related to the slater integrals
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n Crystal field Energy level diagram / Tanabe-Sugano

» Tanabe-Sugano diagram (1954) > Konig&Kremer (=1970)
O, (T4) , no spin-orbit Low symmetries+spin-orbit
» 2024 : special conference 70 years of the

Tanabe-Sugano

diagrams

(https://sites.google.com/view/70years-of-tanabe-sugano/home)

Quanty Tutorial :
02_Energy Leve

Diagram_Tanabe-Sugano.Quanty

—1 2.5

6 i
F 2
's
s i
15

o L e — Ly — — -
o IO ™ T Q o ]

& IS S ° © s EN o 5
T T T
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Crystal field : one electron / multi-electron

One electron/orbitals

- Orbitals: 7Y; € G

Small letter
ex: 697 t29
A1q, €2

Multi-electron ions

» Spectroscopic terms :Fi c G

Term written with CAPITAL LETTER
in Mulliken notation.

A197 TQ,

or Koster notation : I‘ ]
(/

» Electron density / orbital
occupation

5.8,1.2
€g t2g

° L,S,J,ML,Ms,MJ not « gOOd »
quantum numbers.
Expectation values:

(T3] OTs)
with O =1L,,5,, ...
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Example of crystal field effect

Spin crossover

Heidelberg 2024
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Crystal field Example : spin crossover

Fe'(phen),(NCS), Color change
thermochromism

T=77TK T=300 K
Low spin S=10( High spin S =2

O &1—%;}) = il ¢

Low Spin (LS)  High Spin (HS)
lAl S'IVZ
¥ .
2 Fe-N distance
LS HS @
L= CF strength
............... ;H.[éEm““BT Color change
= ACie o
I'peN

Ex of application: thermochromic painting
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n Crystal field Example : spin crossover

Magnetism:

= switch between “0"(LS) and “17(HS)
= driven by external stimuli (temperature, light, ...)
= couple to surface (insulating or conducting)

for molecular spintronic

| —a—=Heating
—v— = Cooling

XT/cm® K mol™

Low spin (LS) High spin (HS)

R

240 280 320 360
T/K
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Crystal field Example : spin crossover

Fe2* ion (3df) in O, symmetry

Temperature Ny i 5T, LA,
_ 2 T 10Dg
Fe-N distance > &g :I €
observed by DRX 2 . b4 4
( y ) g by T T %%% ty,

$
CF strength _7

(10Dq) High spin Low spin

» Magnetic properties goes from paramagnetic to non-magnetic
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Crystal field Example : spin crossover

XAS at Fe L, ; edges (2p->3d)

T = 300K T=77K

CFM calculation

Fe2* (3dS) - | -
c perimen t
On symmetry L Ml

N ] T T T )
70 705 710 715 720 725 1730 B L - e

Energy (eV)

Absorbance

- ~ (g ——
o T { 10Dg=1ev 10Dq=2.2eV
b 41 e A3
°T, 14,
S=2 S=0
\_ High spin Y, \ Low spin /

From Briois V., J. Am. Chem. Soc., 117 (1995)
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Crystal field and magnetim
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n Crystal field and magnetim

Hamiltonian
Hion = Hcin + He-n + He-e + Hs-o + HCF +HZeeman +HExchange
Free ion (spherical) Crystal field External Magnetic coupling
Magnetic field  With neighbours
(ferro/antiferro-magnetism)
>[_IZeem,an — _mﬁ — ,UB(ZA; + gOg)ﬁ

4 )

' d! S=1/2 Ms=+1/2

1 electron (S=1/2)
Spherical

AE=E-12-Eap

mS='1/2

kBo =0 By #0 Magnetic Fiey

>I_-’Eacchange ~ S-Bexch
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Crystal field and magnetim

Magnetic moments

» Magnetic moments : Definitions
M = Myrpit + Mspin Morpiz = —(i|L.|i)ps
M gpin = —90(i] S, i) up
(in A unit, gy ~ 2)

A z Is the direction of the external magnetic field

> Crystal field effect
i >=|(L, S)JI'v) are not eigenfunctions of L, or S,

H.intHo ,tHo o tHs., commute with jQ :, 22, §2

A

(Hgin+Hs.n+H,.. commute with L2 I: 2 §2, S.)
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Magnetic moments with Quanty

> Quanty: calculates any operator (() ) and its expectation values

(i|O

1)

Navigation

Quanty

Documentation
Physics and Chemistry
Register

Download area
Copyright

Authors

How to cite

User publications
Questions and answers
Forum

Workshops
Calendar
Heidelberg

EX : spin operator

Article | Talk Read | Show pagesoul
RS e |

Sz

The S, operator is defined as:

The equivalent operator in Quanty is created by:

-------------------------

_____________________________________________________________________________________________________

Table of contents

= Smin
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Crystal field and magnetism Paramagnetic d? ion
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Crystal field and magnetism Paramagnetic d? ion

Magnetization at temperature T

Boltzmann distribution
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> The ji state contribution is
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» Same expression for <L,> value at T
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Crystal field and magnetism

Magnetization at temperature T

Boltzmann distribution
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Crystal field and magnetism Paramagnetism

Natural Anisotropies

Tetragonal distortion : Dy,

TB Cy

Isotropic Compression
Easy magnetization plane Elongation

Easy magnetization axis



Crystal field and magnetism

Spin-spin exchange interaction

Heisenberg Hamiltonian

HEa:change — Z ‘]ij SZSJ
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Simplified Hamiltonian for atomic calculation

Spin operator
of the ion

A A

HE:Echa,nge ~ S-Bemch

Average field resulting from the exchange
with neighbor spins
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Conclusion / remarks

Multiplet theory with crystal field is an atomic model
Crystal/ligand field is a semi-empirical model (parameter dependent)

can be linked to more ab-initio methods (tight-binding, DFT, CASSCF,
DTMFT...)

Crystal field can create natural and/or magnetic anisotropies

Works for core hole spectroscopies when excited states are localized
(3d,4f ions)
— Calculations including the core-hole (ex : 2p>3d"*1, 3d%f"*1,...)

— Multipole Transitions : electric dipole, electric quadrupole, magnetic

dipole...
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