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Crystal field

|. Introduction / Definition
lI. One electron (3d electron)
1. Symmetries
2. Hamiltonian
3. Crystal field splitting of 3d electron

lll. Multi-electrons ion (3d electrons)
1. Hamiltonian
2. Configurations/ spectroscopic terms
3. Symmetry
4. Examples

IV. Crystal field and magnetism
1. Hamiltonian
2. Magnetic moment (spin and orbit)
3. Zeeman effect / paramagnetism



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.

& Crystal field (CF) B

NaCl crystal

Electric potential generated by the charges of
the neighbor atoms

- /

Na* ion surrounded by 6 CI- ions (nearest
neighbors

» CF = Electrostatic potential produced by 6
negative charges:

0 (&
Ver = E —
: T;

1=1

Y (r.= Na-Cl distance)

» Depends on the local symmetry

H. Bethe, Annalen der Physik, 1929
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Crystal field : origin

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

Perovskite SITiO, o*

Tp=tris-pyrazolyl borate
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Crystal field model

Local model (restricted to the first neighbors /ligands)
A purely ionic model for transition metal complexes.
Ligands are considered as point charge.

Predicts the pattern of splitting of d-orbitals.

Used to rationalize spectroscopic and magnetic properties.



jes

ri

Symmet

1
Symmetry : responsible for many physical and spectroscopic

Il.
properties of compounds

Group theory : powerful tool

>

simplify calculations,

» predict some properties

» defines the language of labeling
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Symmetry operations : some notations to know

E, the identity
C., a rotation by an angle 21/n;

o reflection in a plane, classified as

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

* O, 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.

S = 0w®C,, improper rotation of an angle 21/n
| = S;, the inversion.

— Quanty : http://www.quanty.org/physics_chemistry/point_groups
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Symmetries : some 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



Symmetry tree

Symmetry - "Tree"

No

No frac,, x22, n237 |-

multiple
higher
order axes

Quanty :
http://www.quanty.org/physics chemistry/
point_groups#a_ flow_diagram_to determine_the point_group

Heidelberg 2022
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Octahedral symmetry: O,

Character table

Symmetry elements Basis functions

N /\

E 8C3 6C;|6C4|3C,=(C4)? i 6S4/856|30n 60% r(')it‘;‘:;)‘;’ls | et
Aglt 111 1 1 111 1 | X2+y2+z?
Ayl 1 -1 -1 1 1 <111 -1
Esl2 -1 00 2 2 0/-1]2 0 (222-x%-y?, x>-y?)
T3 0 -1 |1 -1 3 110 -1 -1 Ry, Ry,Ry)
ng 3 0 1 | -1 -1 3 -110 -1 1 (xz,yz, Xy)
Al 1 1|1 1 5 RS N IS [ S5 RS
Apal 1 -1 -1 1 S RS RS IS IR |
E,l2 -1 00 2 2012 0
T3 0 -1 1 -1 3101 1 (xvy2
Ty3 0 1 |-l -1 3101 -

Irreducible representation
labeled the symmetry properties of a state in the group
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All you need is in the web page Quanty.org
http://quanty.org/physics chemistry/point groups

Point groups: Quanty website

& Login
Article | Talk | ] Read | Show pageso®ge | Old revisions l Q
Point groups ['nmmmnms -\
= «Point groups
Nonaxial groups | C; - 1 Cs-m C-1 - Different orientations
AR - Symmetry operations
Navigation C, groups Cp-2 C3-3 Cy-4 Cs-5 Cs-6 Cr- T Cg- 8 «Irreducible vepres’emauons
Quanty D,, groups D, - 222 Ds-32 | Dy-422 Ds- 52 D - 622 D;-722 | Dg-822 e e ceiemie S8
*Acknowledgements
Physics and Chemistry ] Cnv groups Ca-mm2 | Cgy-3m | Cyy-4mm -c-?.". -5m Cey - 6mm 9.7.". -Tm 99‘( -8mm - Table of several point groups
S Cnn groups Con-2/m | Cgy-6 Cyn-4/m Csn-10 Cen - 6/m 2Tble of consents
Download area S =
Copyright Dy groups Dgyp - mmm | Dy, - 6m2 | Dyy - 4/mmm | Dsp, - 10m2 | Dgp, - 6/mmm D7n- 14m2 Dgn - 8/mmm \ )
Authors Dpq groups Dyg-42m | Dsg-3m | Dyy-82m Dsg-5m | Dgg-122m Dsg-7m | Dgy-162m
How to cite — —
User publications Sn groups S,-2 8;-4 Ss-6 Ss-8 Syp-10 Siz-12
S:estions and answera Cubic groups | T-23 Th-m3 | T4-43m 0-432 Op-m3m 1-532 In-53m
rum
Linear groups Coov Doon

Workshops
Calendar
Heidelberg

Script versions

Quanty.nb
Quanty.m
Quanty.py

External programs

CTM4
Crispy
DFT and Hartree-Fock

Privacy
Privacy policy

Print/export

Printable version

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
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
potential however do depend on the orientation of the point group. We therefor list for each point group different orientations.

Different orientations

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
orientations of the different point-groups available.

Symmetry operations

We use the following notation for symmetry operations. [N
E = identity

C,, = n-fold rotation

S,, = n-fold rotation plus reflection through a plane perpendicular to the axis of rotation
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Navigation

Quanty
Documentation
Physics and Chemistry
Register

Download area
Copyright

Authors

How to cite

User publications
Questions and answers
Forum

Workshops
Calendar
Heidelberg
Alba

Script versions

Quanty.nb
Quanty.m
Quanty.py

External programs

CTM4
Crispy
DFT and Hartree-Fock

Point groups: Quanty / Orientation

http://quanty.org/physics_chemistry/point_groups/oh

® quanty.org/physics_chemistry/point_groups/oh/orientation_xyz B e @ 1% | ® Rechercher

Article l Talk l l Read i Show pagesource [ History I

Orientation XYZ

Symmetry Operations

> 4

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

< e
Operator | Orientation
E {0,0,0},
Cs {1,1,1},{1,1,-1} ,{1,-1,1} ,{-1,1,1} ,{-1,-1,1} , {-1,1,-1} , {1,-1,-1}, {-1,-1,-1},
Cy {1,1,0},{1,-1,0},{1,0,-1},{1,0,1}, {0,1,1}, {0,1, -1},
Cy {0,0,1},{0,1,0}, {1,0,0}, {0,0,—1}, {0, 1,0} , {-1,0,0},
Cy {0,0,1}, {0,1,0}, {1,0,0},
i {0,0,0},
Sy {0,0,1}, {0,1,0}, {1,0,0}, {0,0,—1}, {0, 1,0}, {-1,0,0},
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},
%h {1,0,0}, {0,1,0}, {0,0,1},
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S?“TiOg

Octahedral
Group : O,

Symmetries

[TpFe™(CN)3)™

Approximative
Trigonal group :
C3v

Heidelberg 2022
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I.2. Crystal field Hamiltonian

Heidelberg 2022
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Crystal field Hamiltonian

CF potential : expanded on the normalized spherical harmonics

1/2
Cl{:,m(97¢) — (2}311) Yk:,m(97¢)

oo k

HC’F — Z Z Ak,mclzn<97¢)

k=0 m=—

A, , are the crystal field parameters

Sum over K infinity ?

=» CF matrix element

Heidelberg 2022
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CF matrix element

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

00 k
1
Hep = Z Z Ak;,mC]T(Q, ¢) ¢i(r,o) = r nil; (T) )/E,m(eﬁ ¢) Xms, (o)
adia

Angular

Spherical harmonics J

\_

For an electron in orbital €

<¢’L|HCF‘¢3> X <n,mz Ck,m‘n,mj>

¢t k / ¢k
L0 0 0 —m; m m;

# 0 if k even (20 4+ k even), 0 < k < 2/

\_

Heidelberg 2022 17



Crystal field Hamiltonian

Hop = Z Z Ck m(‘g ¢)

k=0, m=—k l
k even
Apgm = (=1)" Ay _,
Hermitian Hamiltonian
Exemples
3dion f = 92 4fion £ = 3

k:O,2,4 k:O727476

Heidelberg 2022 18



Crystal field and symmetry

24

k
Hop = Z Z Ak,mck,m(97¢)
k

“‘Point group G=0h

k=0, m=—
k even

CF Hamiltonian belongs to G
invariant under all symmetry operation of G(O))

O;Hcr = Her

Some A, = 0 due to symmetry

Heidelberg 2022
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Crystal field Hamiltonian and symmetry

Example : O, symmetry

O;Hcr = Her

| iE $C, 6C216C4‘|3C2 =(Cy)? i 6S4i$Sg‘l30h 604

o | Heop € Ay

CF matrix

Y(2,-2)Y(22,-1) Y(2,0) Y(2,1) Y(2,2)
] ; T T T ;

Y(2, _2) .
~— ‘

Y2,-Dr

1
-1
0
1
1
1
1
0
-1

1 1 1
-1 1 -1
0 2 .0
1 1 -1
-1 1 1
1 -1 -1
1 1 1
0 2 0
1 1 1
-1 1 -1

clo|l~| Ll Llolol L~ ]|~

11 1 1 1
11 1 1 -1
2 -1 2 2.0
3.0 1 3.1
3.0 1 3 -1
Apll 1 1 -1 -1
11 1 11
2 -1 2 2 0
3.0 -1 3 -1
3.0 -1 3.1

Only 2 non-zero A, :

Ago: Aso re.0) -

5 _ Y2, D}
HGn = AgoCY + \ 17440(Cy Y+ 0y

Y(z’ 2) 7 .

Heidelberg 2022 20




Notations for crystal field parameters

Vary from an author to the other

2/ k
HC’F: S: S: Akz,mck,m(67¢)

k=0, m=—k
k even
Hep(r E E 7" | Ak Crom (0
k=0 m=—k

Parameters used mostly by chemist
Symmetry-dependent
(Balhausen, Konig, Kremer,..)

10Dq for Oh
10Dq, Ds, Dt for D,
10Dq, Do, Dt for D4, or Cg,,

(Haverkort/Quanty)

k=0 m=—k

Parameters used in Quanty :
Orbital energies + off-diagonal elements
Symmetry-dependent

E.g Eppq for Oh

E.14 Eeg Ep1g, Epagfor Dy,

Heidelberg 2022 21



Crystal field

1. Introduction / Definition

2. One electron (3d electron)
1. Symmetries
2. Hamiltonian

3. Crystal field splitting of one 3d electron

Heidelberg 2022
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3d atomic orbitals

1
> Basis of atomic orbitals  i(r,0) = — Py, () Yem(0, 9) Xim,, (0)

> 3d shell : n=3, /=2 2(+1=>5 basis functions (-2<m,<2)
Yom(0,¢) withm =—-2,-1,0,1,2

» 3d orbitals = real functions, linear combination of Yg’m ((9, qﬁ)

Ay = Y22 iQ(Y; —Y2%)=1/1 xy/r’

dy. =y =SY2+Y2) =/  yz/r?

[
S

Sl

d3.2 2 = Y20 :Y20 :\/i_ig—

1 2 .2Y/,.2
3(32’ —r)/r

Heidelberg 2022 23



Crystal field splitting for O,
HEk = Ag0Cap + \/%A4,0(C4,—4 + Cu,4) = 21DyCy 0 + 21\/517(1(04,—4 + Cy,4)

1) CF matrix in {Y, .} basis

0 m) =12 —2) 12— 1) |2 0) 12 1) 12 2)
Ao+ 57 Aso 0 0 0 2 Ao
0 Ao — 37 Aup 0 0 0
0 0 Ao+ 2A40 0 0
0 0 0 Agp — 55 Asp 0
2 Agp 0 0 0 Ao+ 57 A0

2) Diagonalization

Ay dye dy,  dge  day

Ao+ 2440 0 0 0 0
0 Ao + %A4,o 0 0 0
0 0 Ao — 57 Aag 0 0
0 0 0 Ago— £ Asy 0
0 0 0 0 Ao — 5:Aap

» O, crystal field splits the d orbitals in two groups
{da:Q—yQ ] dz2} and {dyz, dwz, dxy}

Heidelberg 2022
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O, Crystal field splitting of 3d electron
Use of group symmetry

Character table for Oy, point group

E 8C3 6C5[6C4|3C, =(Cy)? i 654854 30y, 604 r(‘)it‘;‘t’;‘;’ls quadratic
Al 1 1|1 1 1 1 1)1 1 X2+y2+z2
Agll 1 -1 -1 1 1 -1]1]1 -1
Eg[2 -1 00 2 2 0(-112 o0 272-x2-y2, x2-y2)|
Tg(3 0 -1 1 -1 3. 1]0(-1 -1 R,RyRy
Ty(3 0 1 | -1 -1 3 -110 -1 1 (xz, yz, Xy)
Awll 1 1|1 1 11|11 -

Apll 1 -1]-1 1 101|111
Eql2 -1 0|0 2 2012 0
Tiwl3 0 -1 |1 -1 3101 1 (xy2
T3 0 1 |-1 -1 3101 -1

{d$2_y2, dzz} € eq
{dyza d:cz; d:cy} S tQQ

orbitals

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

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

ON.B. : lower case letter (e,and f,,) for one electron

Heidelberg 2022 25



O, Crystal field splitting of 3d electron

= Ago+2A4s0= +6D,
= Aoo— 5:As0= —4D,

Towards the ligand : destabilized

10Dq

v

tag (x3)

[10Dq = Crystal field strength J

(parameter)

Heidelberg 2022 26



O, Crystal field splitting of 3d electron
Parameters

, eq (x2)
II A
/ 2
+6Dq Eeg = Ao,o + 7144,0 — +6Dq
3d (x5) K 10D . 4
( q Et29 = AO,O — ﬁAél,O = —4Dq
. —4Dgq
A 4
tgg (X3>

Quanty : A, defined in function the orbital energies

( 2B, +3%E, k=0 m=0
2 (E.,—Ey,,) k=4 m=0

Ak,m: $ 21 5
10 ﬁ(Eeg_Etgg) k=4 m==4

0 True

\

Heidelberg 2022



Tetragonal (D,,) crystal field

¢ & ‘_‘_“E__L

I
Elongated Square planar

or compressed O,
along C, axis

Heidelberg 2022
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Tetragonal (D,,) crystal field

Character table for Dy, point group

D4h linears
E|2C4 (z) C, 2C'y 2C'", i |2S4|0,|20y (204 rotations duadratic
¢ e ot A 1| 1 1 1 1 11111 x2+y2| 22
Agg 1| 1 1 -1 -1 1|1 |1|-1|-1 R,
Big 1| -1 1 1 -1 1|-1[1][1]-1 x2-y?
Square planar By 1| -1 1 -1 1 1[-1|1]-1]|1 Xy
Elongateddo E; 2 0 2 0 0 2/0/|2[0]0 RuRy [(xz.y2)
or compressed Uy, At 1 1 1 1 e lalala
along C, axis
Ay 1 1 I -1 -1 -1|-1|-1] L1 v4
By 1| -1 1 1 -1 _dd[-1)-1 |1
By 1| -1 L= 1 1)1 |-1]1]-1
E, 20 2 0 0 -2/0[2/0]0 (xy
From D, table, one predicts the 3d splitting in 4 groups
{dz2} € a4
{de—y2} < blg
{day} € by
Ay, d ce
{ Tz yz} g Heidelberg 2022 29




Tetragonal (D,,) crystal field

Hé);}h = Ay 0Co.0+ A20C20 + As,0C10+ A44(Cy 4+ Cy4)

CF matrix diagonal in the {d} basis

dp2_y2  dy2 dyz dgz dyy
(Ea, O 0 0 0 \
E 0 0 0
8 819 B 0 0 4 energy levels

Heidelberg 2022 30



Tetragonal (D, ) crystal field splitting of 3d electron

HE# = A0,0Co,0 + A2,0Ca,0 + A1,0Ca0 + As,4(Ca—g + Caa)

O, D, (elongation)

_________ — by (@O

10Dq
- -t b2g (dxy) “O’
R Y 2D, — D; .
tZg v— ‘===::—:;—: --------------------------------
------------- D, +4D
‘¢’ gv gv ---------- 2t et d) g 9
increasing stretch along z >

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

Heidelberg 2022
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Crystal field Hamiltonian in Quanty

5 5
Hg}% = Ap,0C0,0 + A4,0Cs0 + 1/ ﬁA4’O(C4’_4 +Cy4) =21D,Cyp+ 21 ﬂDq(CZL,—Zl + Ca4)

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%1E69+%Etzg k=0 m=0
TO(Eeg_Et2g) k=4 m =0
2 (Ee, —E,,) k=4 m=+4

14
0 True

Akm:<

)

\

1) User made CF potential: Akm={{k1,m1, Ak, m. }, {k2, m2, Apyms -}

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

The parameter is 10Dq and the Hamiltonian writes H{cr = 10Dq * OpptenDq



To lower symmetries

1 parameter (10Dq)
3 parameters (10Dq,Ds,Dt)

3 parameters (10Dq,Do,Dr)

9 parameters @

2 energies

4 energies

3 energies

5 energies (5 orbtials)



Crystal field

3. Multi-electrons ion (3d")

1. The spherical ion :
1. Configuration
2. Hamiltonian
3.  |(L,S),J> basis function
4. Spectroscopic terms

2. Crystal field

1. Basis functions, Hamiltonian and matrix element
2. Energy diagram (Tanabe-Sugano)

3. Core hole spectroscopy : examples

1. Spin cross-over
2. The limit of the crystal field model : towards ligand field

Heidelberg 2022
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Multi-electrons ions 3d"

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

For example
- Color

- Magnetic properties

-

0 T 10 B B B ST A |
5,000 10,000 15,000 20,000 25,000 30,000 35,000

UV-visible Absorption spectroscopy

\_

- Atomic number (£)

- Number of electron (n) 3d"
- Crystal field strength (=10Dq)

(ligand)

~

J

Transition Metal lon Colors in Aqueous Solution

- - - -
- - o -
-/ J U
Titanium Vanadium Chromium
Ti Cr
- - - - - -
- - - - - -
\ /U \/ \/ \
Manganese Iron Cobalt Nickel Copper
Mn Fe Co Ni Cu
Heidelberg 2022
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Multi-electrons ions : configuration

> Electronic configuration: complete simplified (open shell)
3d transition metal ions 1s22s22p6 3d" 3dn
4f rare earth ions 1522s22p®3s23p63d10 4fn 4fn

> Filling of the 3d orbitals:

2/+1=>5 |¢,m > angular functions _ Nb states = 10 — — 10! '
2s+1=5 |Sms> Spin functions } 10 functions n n(lO—n)

Some possibilites:

Example :
_ m=2 -1 0 1 2
3d2ion (V3*, Cr#) :
: 4
02 =

degenerate states : C2,, =45 b A N
— 3 | |
t | t f
I v I |

Heidelberg 2022 36



Multiplets

!
n electron in 10 d orbitals Nb states = 10
n!(10 — n)!
m=2 -1 0 1 2
x H 4
. r_ 4 b

-~

&

Degeneracy => Multiplets (doublet, triplet,...)

= Name of the model :

Crystal Field Multiplet (CFM)
Ligand Field Multiplet (LFM)

J

Heidelberg 2022
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Hamiltonian of the ion with N electrons
Crystal field

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

N
Free ion (spherical) Crystal field
h?
2 [ [
- —2 Vr,- Total kinetic energy
m
Ze*
Coulomb attraction nuclei-electrons
47te, 1,
2

4re,r, Electron-electron Coulomb repulsions

N
L, = E E (r)l,.s; Spin-orbit coupling



Multi-electrons ions

configuration and symmetry

d? ion in O, symmetry

e — — — —

9
tog _H'__ T l

Orbital degeneracy 3 6

Spin degeneracy 1 (S=0) 1 (S=0)

3x2=6

3 (S=1)

3x2=6

Heidelberg 2022
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Hamiltonian of the ion with N electrons

Basis functions |9>

» Multi-electron functions for N electrons (configuration)

W(r ,rypeeesl’y)

« Linear combination of Slater determinant built from the
mono-electronic functions

6i(8,0) =~ Pois, (1) Yom(6,9) xon,, )

« Anti-symmetric function to satisfy the Pauli principle



Free ion with N electrons : basis functions

> Functions |a(L,S)JM,> = (L,S)J coupled functions

R N .
v For N electrons, L = ) ¥;
S5 A

n \> Sum is coupling
A Ui # L

¢; is the orbit operator defined by
éz,i\fim@ >= mgi|€7;mgi >
—L; < my, <4

v Same definitions for S and J

A

v J=L® S operator associated with the spin-orbit coupling
L-S<J<L|L+S|

Heidelberg 2022
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Free 3d" ion : basis functions, spectroscopic terms
No spin-orbit  Basis functions |L,S,M ,M >
H,*H, ,+H,, commutes with j}Q, I:z, 32, gz

Common eigenfunctions with ZQ, 52

The energy of |a(L,S) > does not depend on M, Mg
Degeneracy of |a(L,S)> = (2L+1) (25+1)

Orbital degeneracy Spin degeneracy

ﬁpectroscopic terms |L,S,ML,MS>\

28+ T Ex: d’ T
L=2, S=1/2
S <—J L letter for L
I'=S pour L=0 1state — 2D
I'=P pour L=1
I'=D pour L=2

K I'=F pour L=y

Heidelberg 2022
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Free ion with N electrons : basis functions
Spin-orbit Basis functions |(L,S)JM >

» Common eigenfunctions with j2, jz, E2, 52

H, +H, ,+H, +H.  commutes with J?, J,, L%, 5

AN

(H.. +H,,+H, commutes with L2, L., 52,5, )

» The energy of |o(L,S)JM,;> does not depend on M,
Degeneracy of |a(L,S)JM > = 2J+1

ﬁpectroscopic terms |L,S5,M ,M >\

K I'=F pour L=y

2S+1 Ex: d’ T
L, L=2, S=1/2
J J=3/2,5/2
S letter for L 2D, ,
I'=S pour L=0 2 states
I'=P pour L=1 — 2p
=D pour L=2 312

Heidelberg 2022
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Free ion : 3d? ion

m=2 -1 0 1 2
‘H‘ t 1
I [
+ t t
3 | |
T I 1 1

S,P,D,F,G terms
S=52§ 0<S5<2s5=1
Spin doublet or triplet

5 terms 1G’ 3F’ 1D, 3P’ 1S
()

Ground state (Hund’s rules)

Heidelberg 2022
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Free ion
Spectroscopic terms for 3d? ion

*Landé interval rule
(neglect off
diagonal coupling )

T

3 Ground state given by
s=z::oz H third Hund's rule

No
Spin-orbit Spin-orbit

Heidelberg 2022



Crystal field : basis function

> Basis functions

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

Local symmetry around the ion — point group G:
- Basis functions of the representations of group G
s lo(L,S) J Ty >
/(‘ I" irreducible representation of G
I'y basis function of G

> Thole’s code uses group theory and the {I'} basis (TTMULT, CTM4XAS)

» 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 {I'} to label the states (spectroscopic terms)

Heidelberg 2022 46



Crystal field and group theory
Matrix elements

Hop € * (fully symmetric representation of group G)
* g only for centro-symmetric group

((Li, Si)Vil'i|Hor|(Ly, S5)J;15) # 0
I Qg @I Al(g)
it I @ Ay @T; =1 @15 5 Ay

E>[Crysta| field mixes J statesif I'; @ I'; 3 Aq(y) J

(group multiplication table)

Heidelberg 2022
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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)

““““ » (4)
2D ‘
S = B == 5B
Dy —(4)—oz|J—gU>+5|J—gU’>
03 o3 Oh

+spin-orbit + spin-orbit

=

J states mixed by CF and SO

Heidelberg 2022
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Crystal field and group theory

Example: d? ion in O, symmetry

1S » Crystal field splitting of the SF ground state
From the group branching table

FH(L=3)€37(03) = A1y + Toy + T14(0p)

- o 1

3d° /2P
_@\é\zz:::::_ t29
45 states
states 3
N A -
\\\_<E::: —————— 3ng eg +
N H
F h 3 by T
T,
Free ion e —
O g
O3 h t 4 4
2g | I
(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 diagram

» Plot of the energy of spectroscopic terms (2S+1F or 2S+1FJ)
as function of crystal field parameter (10Dq,Ds,...) (and B Racah parameter (*))

» Tanabe-Sugano diagram (1954) > Koénig&Kremer (1970)
O, (Ty) , no spin-orbit Low symmetries+spin-orbit

//I;ii"j‘ ) /
/

g

A/B 10

A =F0(3d,3d) — £2F*(3d,3d)
(*)B Racah parameters related to the slater integrals (electronic repulsions) B = LF%(3d,3d) — 22;F*(3d,3d)

441

C = 22F4(3d,3d)
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Crystal field : energy diagram

» Plot of the energy of spectroscopic terms (2S+1F or 2S+1FJ)
as function of crystal field parameter (10Dq,Ds,...) (and B Racah parameter (*))

» Tanabe-Sugano diagram (1954) > Koénig&Kremer (=1970)
O, (Ty) , no spin-orbit Low symmetries+spin-orbit

Tutorial Monday afternoon :
02 _Energy Level Diagram_Tanabe-Sugano.Quanty

m w«.w_#w_ _ _

J oAl TR N o) S “o

O S
T 7

|||||||||
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Crystal field : multi-electron and orbitals

Multi-electron ions One electron/orbitals
« Spectroscopic terms :Fz’ - G « Orbitals: 7; € G
Term written with capital letter in Mulliken Small letter
notation. Ex: Aq,,Th ex €4, th

or Koster notation : 1;
A1g,€2
» Electron density / orbitals

ex .. 5.8,1.2
€g t2g

* L,S,J,M,Mq,M; not « good »
quantum numbers.
Expectation values:

(T3] OTs)
with O =1L,,5,,...
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Crystal field multiplet
applied to core hole spectroscopies

Calculations including the core-hole (ex : 2p®3dn*1, 3d%fr*1,...)

Transitions : electric dipole, electric quadrupole, magnetic dipole...

v' Racah/Bander (Theo Thole) : core of CTM4XAS (Frank de Groot)
Based on group theory (Butler “Point group symmetry applications”)

Difficult to modified the core in order to adapt to new spectroscopies since
Theo Thole died in1996

v Quanty (Mauris Haverkort) : core of Crispy (Marius Retegan)
and CTM4RIXS (Frank de Groot)

Flexible for the need of the new spectroscopies/physical properties
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Example of crystal field effect

From spherical to Oh symmetry

Heidelberg 2022
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Example of crystal field effect:
d’ ion at L, ; edges (2p->3d)

3d° 3d9
Spherical symmetry ~0, symmetry
| 2.50_----|----|----|'"'|""|""|""|""_
L [ + ]
3 I, 2.00L Cu’ L2’3edges E
14 = CuFe204 1
, s 1.50f .
i Ni metal atom +1 e - [ ]
2 1.00F .
=1 ]
S ]
I 2 0.50} .
2 <« h
0.00} ]
o _0.50:--..|....|............ ...........:
[y- 920 925 930 935 940 945 950 955 960
(c) Ni
8BS0 860 8§70 880
Photon Energy (eV)
No L, L,

Can be understood via symmetry consideration using group theory
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Example of crystal field effect

Spin crossover

Heidelberg 2022
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Example of crystal field effect : spin crossover

Fe'(phen),(NCS),
Color

T=300 K
High spin S =2

T=77K
Low spin S=10

\ y T L. T eg
O ity — Wy b
Low Spin (IS)  High Spin (HS)

IAI 5T2

% Fe-N distance

ﬁ HS @

= CF strength

- W ¥

""""""""""" §HI§EHL ket Color change
—Arg.
I'peN

Ex of application: thermochromic painting Heidelborg 209
elaelperg
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Example of crystal field effect : spin crossover

Magnetism:

= switch between “0”(LS) and “1"(HS)
= driven by external stimuli (temperature, light, ...)
= couple to surface (insulating or conducting)

for molecular spintronic

—a—= Heating
—v— = Cooling

w
1

g
h 21 9
(]
=
(6] 29
e, 1 |
l;e Low spin (LS)
O T T T
240 280 320 360
T/K
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Crystal field : spin crossover

Fe?* ion (3d®) in O, symmetry

Temperature N\y . V. 1A,
. S _
Fe-N distance > AL €
(observed by DRX) 2 /.
- H
@ e 29
CF strength 7 S=0
(10Dq) Vel High spin Low spin
o STy N ‘A,
10Dq

» Magnetic properties goes from paramagnetic to non-magnetic
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Absorbance

Crystal field effect : spin crossover
XAS at Fe L, ; edges (2p->3d)

T=300KS =2 | : iZZVIZPSm: 0
High spin CFM calculation | |
F92+ (3d6) ; ﬁ Experi
O, symmet — <
, h SYMMELY 0 VS N
o A
: { 10Dg=1ev 10Dg=2.2eV
t29 % + % tzg % % %
5T2 1141
S=2 S=0
High spin |
K gh sp / \ Low spin /

From Briois V., J. Am. Chem. Soc., 117 (1995)

Heidelberg 2022
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Limit of the crystal field model: towards ligand field model

Example : prussian blue analogues

(covalent) Cr''-C=N-Ni'" (ionic)

- 3

empty filled filled =
: pty
d-orbital o—orbital d-orbital *.orbital
(i) o donation (ii) ™ back-donation
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Absorption

Weak covalent bond
CN-Ni" in Cs[NiCr(CN)]

Ni"L, ; edges (2p to 3d)
12

Cril

; | — experiment Ni'
— Calculation
d® O, ]
10Dg =1.4 eV

satellite

845 850 855 860 865 870 875 880
Energie (eV)
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Weakness of crystal field theory
Strong crystal field

Cr!l _ Crli'L, ; edges
(- )
2
“N = | '_
& experiment |
< ]
b )
QA ch: '
= E :
W = Ligand field calc.
o \ ~
filled empty z | Crystal field calc.
d-orbital  m*orbital - © ) I S T T
(i) © back-donation 570 575 580 585 590 595 600

Energy (eV)

O Crystal field : Oh, large 10Dq (=3.5eV) + strong slater reduction (50%)
Incomplete model due to the strong metal to ligand charge transfer
O Ligand field : metal to ligand charge transfer
d3d° + d2d?
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Ligand field multiplets

« To account for electron coming from ligands or neighbor metal

« Multi-configurations approach

also called cluster model
charge transfer model (CT)

- Two types of charge transfer (CT):

Metal to ligand : MLCT
Ligand to Metal : LMCT

Heidelberg 2022
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Ligand to metal charge transfer LMCT

A
= 3d° «l|i 5>
2p63d“ 1 L =3d” «ligand hole

li> = o 12p®3d™> + B 12pS3d™1L>

/Parameters \
A energy (eV)

Charge transfer integral (symmetry dependent)
V =< 3d"|H|3d™'L > (also called T)
In O,, symmetry: Vi, etV

- J
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Ligand to metal charge transfer LMCT

Core spectroscopies : excited state  2p for L, ; edges
1s for K edge

>

L 2p53dn+1L
2p°3d” ¢Af
;>

Heidelberg 2022
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Metal to ligand charge transfer MLCT

— 2p%d™'L

A
- _ 241
2p63dn — 1 L =3d

li> = o 12p®3d™> + B 12pS3d™1L" >

/Parameters \
A energy (eV)

Charge transfer integral (symmetry dependent)
V=<3d"|H|3d™'L" >
In O,, symmetry: Vi, etV

- J

Heidelberg 2022
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Absorption

LMCT

I
0,85—
0,65-
0,4:_

0L

-0,2L

Ni"L, ; edges (2p to 3d)
1,2 ——— —rT .

ooooooo experiment

— LMCT Calculation

d8+doL O,

satellite

84

S 850 855

860 865 870
Energie (eV)

875 880

CrIII

Cs[Ni''Cr''(CN),]

Heidelberg 2022
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Weakness of crystal field theory
Strong crystal field

Crl'L, ; edges

Crlll

|

experiment :

%<

\/\/\Ligand field calc.
filled empty - Crystal field calc.
d-orbital ~ T*-orbital - (C) L ~. .,

- A R A ]
(ii) back-donation 570 575 580 585 590 595 600
Energy (eV)

O Crystal field : Oh, large 10Dq (=3.5eV) + strong slater reduction (50%)

Normalized Absorption (a.u.)

Q Ligand field : MLCT d3+d2L-
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Crystal field and magnetism

4. Crystal field and magnetism
1. Hamiltonian
2. Magnetic moment (spin and orbit)
3. Zeeman effect / paramagnetism

Heidelberg 2022
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Magnetism

» Hamiltonian
+HZeeman +HExchange

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

Free ion (spherical) Crystal field

—Wiﬁ = ,LLB(IA; + gog).ﬁ

HZeeman
= up(Ly +2S;)H, + MB(Ly + 2Sy)Hy +up(L. +25;)H,
/ ' d1S=1/2 ms=+1/2\
1 electron (S=1/2) S | AE =E_1pp-E.po
spherical g '
mg=-1/2
\BO =0 By #0 Magnetic Field/
HEa:change — S:BH:C + SyHy + Ssz

Heidelberg 2022
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Magnetic moments

> Definitions

» Crystal field effect

i >=|(L, S)JI'y) are not eigenfunctions of L, or S,

(i
(i

SZ‘Z> 7& ms

cin

AN

+H, +H, . +H,  commute with J? o EQ, 52
A /\2 A
zZ S Y SZ )

(H_, +H,_+H, commute with L,

cin
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Magnetic moments and spectroscopies

» For 3d ions, the orbital magnetic moment is quenched (nul) in most
cases.
Some 3d ions have significant orbital magnetic moment
(Co?*, low spin Fe3*, Fe?*)

- magnetic anisotropy

» Magnetic core spectroscopies
XMCD, RIXS-MCD, XMLD, XMyD

—> access to
Spin and orbit magnetic moment
Anisotropies + Angular dependences
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Magnetic moments in Quanty

» Quanty: any operator (O ) and its expectation values

(i|Oi)

Navigation

Quanty

Documentation
Physics and Chemistry
Register

Download area
Copyright

Authors

How to cite

User publications
Questions and answers
Forum

Workshops
Calendar
Heidelberg

EXx : spin operator

Article l Talk l

| Read | Show pagesoul

Sz

The S, operator is defined as:

The equivalent operator in Quanty is created by:

.........................

.....................................................................................................

Table of contents

= Smin
= Splus
= Ssqr
= Sx
= Sy
= Sz

Tutorial 07 _Expectationvalues.Quanty
(Monday morning)
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M
M

Crystal field and magnetism

Tetragonal distortion : D4,

Oh
TB e TB . B C
4

spin

orbit

BJ—CAL BJ_C4

compression elongation
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Conclusion / remarks

» Crystal field and ligand field are atomic models

» Crystal/ligand field are a semi-empirical model (parameter dependent)
can be linked to more ab-initio methods (tight-binding, DFT, CASSCEF,...)

» Crystal field can create natural and/or magnetic anisotropies
angular dependences
measured by core spectroscopies using polarized X-rays (linear or circular)

E>[ Following Lectures }

» Crystal field affect the properties of 4f rare earth ions (not discussed here)
More parameters
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