Crystal (ligand) field theory
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Crystal (ligand) field theory

e Sphere symmetry

e jj-coupling, LS- coupling



Schrodinger equation Crystal field

1’ i —
Schrédinger equation —on A () + \L(,r_)J F(r)=E¥(r) m: electron mass

kinetic energy potentié'l- én;rgy ) e
2 2 2 &, permitivity of vacuum
A= ;(2 + gy +- a ¥ wave functions
. e: electron charge
Hydrogen atom: V = ; ; - E: energy
h: Planck’s constant
R: radial function
A in spherical coordinates: ‘Pn,hm = RnJ (r) °Y|,m (6, (0) Y: angular function
~ O o 0?
A or? t 06? t op?
|:|T _ EnLPn . H=T+xV n: principal quantum number
A2 |: orbital quantum number
LY, =1(l +1)h2Y determine the orbital angular momentum
I=0..n-1
I—zYl,m — thYI,m

m,: magnetic quantum number
projection of the angular momentum into z-axis
m,=-1..1



Radial function Crystal field
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Radial function — the dependence on Z Crystal field

The radius of maximal electron density

Effective nuclear charge

a0* = a0 / Z*

Z*=7-0

0 = screening constant, a sum over all electrons
The electrons are merged into groups ()
(1s)(2s,2p)(3s,3p)(3d)(4s,4p)(4d)(4f)(5s,5p)(5d)(5f)...
Slater’s rules:

electron on the right does not contribute to o
Electrons inside the group screen 0.35 (1s only 0.30)
n—1 (s,p) screen 0.85

n—2 and lower screen 1.00

If the electron is in d or f, all electron on the left

Fenax SCF (A)

screen 1.0
° oo w3 An example for Fe (26):
ds :035x1 4+ 085x14 + 1.00x10 = 2225 = Zesr(4s) = 3.75
3d  :0.35x5 + 1.00x18 = 19.75 =  Z(3d) = 6.25
35,3p :035x7 + 085x8 + 100x2 = 1125 = Zu(3s,3p)=14.75
25,2p :035x7T + 0.85x2 = 415 = Zg(2s,2p) = 21.85
s :0.30x1 = 030 =  Zu(ls) =257



Atomic orbitals — spherical harmonic functions (angular parts) Crystal field

Solution of Schrédinger equation Linear combination:
(complex function): (real function):
Y™
1 /1
}/00(9’ tp} = E\/; S :YOO
1 /3 .
Y Hz)= Sy/— -e ¥ -sinf 0
' 2y 2 pz :Yl
173 1 -1
Y(z) = 5\/;‘“’59 Px :%EYl +Yi ;
_ - 1 Y—l
N N R Py =72\ s
Yi(z) = 5\ 2. e'¥ - sinf
-2 _E E_—%w.'?
Y {Q,t,p)—ﬂﬁzﬁ e sin” # d. =Y20
Y8, ) L /15 e .sinf - cosé Z 2 2
7) Py : : o _
. 2V 2w dX2— 2 —E(YZ +Y2 )
Y2 (8 p)=£\/§-(3c0529—1) d ——_i(YZ_Y—Z)
2 a\x xy — 2 \2 2
— . _ 4 1 -1
Y;(Q,tp)z?lc‘ig-e"f"-sinﬁ-cosﬁ dxz _f(YZ _Y2 )
s . d, =LY, +Y,*
Yf(ﬁ,tp)=%l %-ezw-singﬂ yz ‘E( 2 2 )

Y3—3...3 f - 6



Atomic orbitals Crystal field

s (I=0) p(=1) d (I=2) f(I=3)
m=0 m=0 m=+1 m=0 m==+1 m=+2 m=0 m=+1 m=+2 m=+3
& Pz P Py "-'-‘Iz2 dxz dyz dxy dxg-yz f23 f.erE fyz2 fxyz fz.rxi-yzj fx{xi-Syzj rﬂﬂxz-yzj

n=1




Crystal field

Orbital and spin angular momentun

m: electron mass
&, permitivity of vacuum
Y. eigenfunctions
e: electron charge
E: energy
h: Planck’s constant
R: radial function
Y: angular function
n: principal quantum number
|: orbital quantum number
determine the orbital angular momentum
I=0..n-1
m,: magnetic quantum number
projection of the angular
momentum into z-axis
m,=-l..1
S: spin angular momentum
mj: projection into z-axis
m,=-1/2 ... 1/2



Dirac’s equation Crystal field

E=c \/ ﬁz + méc2 Relativistic formula for the total energy of a free particle
_ 2 2.2 ap = 2 h (1 0\-_(0 ¢
E=c |[—-h*A+m{c* = —ihcaV + fmgyc where [ = (0 _1)Of =z o

Pauli matrixes: o, = ((1) (1)) Oy = (0 _i) 9z = (1 ¥ )

S. spin quantum number

| S |: S(S + 1)h determines angular momentum of electron
s=Y m,: projection into z-axis

SZ — msh ms =-S..S

ms = _%! %



Spin-orbit coupling Magnetism

_ - Spin orbit interaction is known in atomic physics as
H,, =ASL relativistic correction of the electron energies

(S, p, and L mean vector operators of spin, momentum
and angular momentum)

A >0 : less than % occupied orbital,
J=|L-S|, direction of L and S opposite
A< 0 : more than % occupied orbital, Vo o = Wh@%%z .3
J=L+S, direction of L and S identical °

h - -
Vs, = WS -VV x (p/my)

3d<4d < 5d
M2+ < M3*< ...

Approximate solution of Dirac’s equation:

V., : Relativistic mass correction

V,, : Contact interaction (Darwin’s term),
significant for s orbitals only.

V,, : Spin-orbit coupling

HD - HSchr +Vm +VD +Vso

L P p h* S
H="—+eV+ —— +—5VV+—=06«(VV xP)
2m 8m-c 8m’c m-c )

' VT
non-relativistic K.E. correction Darwin term SOI



Gyromagnetic ratio Magnetism

Gyromagnetic ratio y is a ration of Hom electron mass

) V= e: electron charge
magnetic momentum p and angular momentum |
h: Planck’s constant
|: orbital angular momentum
y, =-1 Hg _ € Gyromagnetic ratio for s: spin angular momentum
| 7 2m orbital momentum Hg: Bohr's magneton
r. radius of electron circuit
y =2 Hg _ € Gy_romagnetic ratio for V. v.elocity of electro.n |
h m spin momentum 7. time of electron circulation
| current
Ug = ﬂ L. magnetic moment
2m

Derivation for orbital angular momentum:

v =27V I =mFxv
| =—e/z=—ev/2ar - e -
[=1S = (~eV/247)(ar?) “Z_z—mel
H= ST 11

——V
2



Energy of orbitals in sphere symmetry — hydrogen atom Crystal field

One-electron scheme
(energy only depends on the
principal quantum number n)

3s 3p 3d —
2S 2p
1s —

Hydrogen atom — 1 electron:

Wave length of the transitions
between energy levels is determined
by Rydberg’s formula:

Balmer series

F a=chen seies

12



Energy of orbitals in sphere symmetry Crystal field

One-electron scheme (energy only depends J. total angular momentum
on the principal quantum number n) J=|L+S| IL-S|
3s 3 3d — :
X 2p Mj:-d, ..., d
15 P j=|1+s] ... [I-3]
S — . :
m=-J, ..., ]
Many-electrons scheme J=[L+S]| ... |L-G] I=|l+s] ... [I-s]
Coulombic interaction is predominant spin-orbit interaction is predominant
3d - 3d5/2 nkvamo‘;ééis'aj Al=#1 Aj=0,%1
35_3p 3P323dz [ o ¢ Lo,
331/2 3p1/2 M| g z i Zz Kps
2p — I P
2s 2P3/ .. . o
2515 2Py e e ke
1s — R
_ 1sy
LS coupling ~L+S=2l+2Xs . ing J = (a4l
Valence electrons, spectroskopic J-) coupling J ~ 2 = X(s+l)
symbols Core electrons




Crystal field

LS and jj coupling

one electron

Orbital momentum

LS Couplinq L= Z M (occupied orbitals)
so<Coulomb  p, = —[, .. L

Orbital momentum / Spin momentum
[=0,123,.. S = Z M, (occupied orbitals)

MS — —S, ...,S

ml=0
Spin momentum

s=1/

myg =i1/2

j=Ill—=s| ...l +s
icoupling  m; = —j, ..., j
so>Coulomb

electron state
of atom

Total momentum

J =

M;

IL—-S|,..,L+S
=—J,..,]

ZS+1LJ

14



jj-coupling Crystal field

_ j=1+53 ”
— / * -
+3/2
I +1 .
+1/2
+1/2
+1/2
0
-1/2
-1/2
-1/2
-1
- 3/2
m; = 3[2,-1/2, +1/2, +3/2 | «~— |J = 3/2 psp
m;=-1/2, +1/2 [ = "7 =112 pip
15




jj-coupling Crystal field

guantum number f

spin-orbit interaction noo1 Al = +1 Aj=0,+1
IS predominant
3ds, ad 3 2 5P Loy

3P32 3d3; 3 2 30
3S1/2 3P1s2 I KB,

2P/ 3 1 12 KBs
281, 2Py 3 3 0 12
1Sy » 2 1 3R Koy v
J-j coupling J ~ Xj = L 2 1 e Kot
Z(s+l) s 2 0 W2
Core electrons

K 1s 1 0 1/2 N4 v v \

16



Orbital and spin momentum, state of the atom Crystal field

one electron
orbital momentum sSpin momentum

1=+ 1, =mn §=+s(s+n S, =M

z

the whole atom
orbital momentum Spin momentum

C[=JLL+1n L=Mpn [§=4S(S+n S, =M

ML=Zm, MS:ZmS

electronic state of the atom

multiplicity = (2S+1)(2L+1)

25+1L L:SPDFEGH,I ..

17



Weak coupling - LS-coupling Crystal field

Russel-Saunders scheme: I::Zqi §:Z§i
(LS-coupling) i i
spin-orbit coupling \
NENSCESY J =M,h J=L+S
J=L+S, L+S-1, ..., |L-S] M,=-J,..,0,..,J
\ / .
X>y X<y 2J+1 values

ground state  y _ number of electrons

y — number of orbitals
25+1 values for S<L

2L+1 values for S>L

state of the atom | 25*1 '_J multiplicity = (2J+1)

18



Spectroscopic symbols Crystal field

=1 L=1 P
s=% S=% 2S+1=2
J=14%, 1+%-1 (= [1-%] )

2 2
I33/2’ I:)1/2

Multiplicity of the state 2P:
(2L+1)x(2S+1) =3x2=6
2 (2J+41) = (2x3/2+1)+(2x1/2+1) = 4+2 =6

19



Spectroscopic symbols — ground state Crystal field

occupation of orbitals starts from maximal m,.
N : number of electrons

-L...L

L= Zml XN,

N, : number of electrons in state m (M, my). ~Yy
S= ) mxn,
Mg
m;:| -2 -1 0 1 2 n L L S 25+1| J J
0 =0 S | S=0 1 | |L-S| J=0
) 1 l=2 D |[S=1/2 2 IL-S| J=3/2
) ) 2 L=3 F | s=1 3 IL-S|  J=2
) ) ) 3 L=3 F |[S=32 4 IL-S| J=3/2
1 0 ) ) 4 L=2 D | S=2 5 L-S| J=0
[T s o s |sse o6 | s a2
T T T T ™ 6 L=2 D | S=2 5 | L+S J=4
T T TN N 7 L=3 F [S=32 4 | L+S J=9/2
T T NN N 8 L=3 F | S=1 3 | L+S J=4
T NN NN 9 L=2 D |S=1/2 2 | L+S J=5/2
NN NN 10 L=0 S | S=0 1 | L+S J=0

28+1LJ
dn GS
d ! 2D3/2
d? 3F,
d?3 |:3/2
d 4 5D,
d > 6S5/2
d e 5D,
d’ | *Fgp
d? 3F,
d ? 2D5/2
dO’dlo 180




Ground state of atoms and ions Crystal field

dn GS

d?l Dy, fn GS fn GS
d 2 3F, f1 2F, f8 Y=
d* “Fapo fe °H, £ *Hiso
d 4 5D, £3 o f 10 5,
d>® °Se/ f °ly fu 1512
d 6 5D, £5 6H., f 12 3H,
d7 “Fy f6 F, f 13 °F.,
ds 3F, £7 8S.,,, f 14 1S,
d® *Dsy,

d 10 1S,

21



Atoms with partially filled valence orbitals Crystal field

microstate: — specific electron configuration in partially
filled shell (subshell).
— occupation of individual orbitals by electrons
with spin up or down

(20)! 0 — number of orbitals
e!(20—e)! e — number of electrons

number of microstates: [N =

orbitals: M,  electrons: M =%, -% (T,1)

Ex.:atom C 2p2  N=6l(2)4!)=15 T

22



Micro- and macrostates of carbon atom (2p?) Crystal field

Find max. M, then max. Mg for this M,.
N M | Ms Decrement states (-M, az M,) x (-Mg az M) in the table.
1 1 1 Repeat until the table is completely zerofilled.
T 0| 1
) 4| 1 M AMg | -1 0 1
U -2 0 1 0
\: -1 11 Ms=0 4 0 1 I 3 1
110 M, =0
- - 1 /] 1 2 1
0|0
1 ! b
e S 7 L=0 /2/ 0 1\ 0
110
MS - '1,0,1 M - O
0|0 130 M, =-1,0,1 ) g =
" o | M, = -2,i1,o,1,2
MRS S=11L:1 S=0 L=2
Rl e o
! 2| 0| groundstate |3P10 (3 i imay ] 1p, |




Splitting of states for electron configuration d?2 — sphere symmetry

Crystal field

A
;E Is degeneracy of the state d?;
&5
5=0 =0 v=1 v = 10Y/(21)(8!) = 45
Singlet
HH | | | | terms
—2 5
~ i v=3
v=1
. '\/ degeneracy v=9
. =3 T =
Triplet ——
[
S=1
:::j':"""') degeneracy v=7
_-,:;:f_'f_'f_'f_f_'i_ degeneracy v=5
No S5 1l LS Effect of
electron coupling coupling coupling magnetic
interaction field
1.Hund 2.Hund 3.Hund Zeeman
rule rule rule splitting

24



Crystal (ligand) field theory

ligands - ion (point) charges

electrostatic repulsion with valence electrons of the central
atom

lowering symmetry of the Hamiltonian - new eigenvalues
(energy) and eigenvectors (wavefunctions)

splitting of the energy levels of the atomic orbitals of the
central atom

25



Schoenflies symbols Symmetry

Schoenflies and international symbols of point groups

System Schoenflies symbol International symbol p
triclinic C, 1 1
C -1 2
monoclinic C, 2 2
Cin m 2
C,, 2/m 4
orthorhombic D, 222 4
C,, mm2 4
D, 2/m 2/m 2/m = mmm 8
tetragonal C, 4 4
S, -4 4
Cun 4/m 8
D, 422 8
Cu 4mm 8
D,g -42m 8
D, 4/m 2/m 2/m = 4/mmm 16
trigonal C, 3 3
Cyi -3 6
D, 32 6
Cs, 3m 6
Dy -32/m =-3m 12
hexagonal Cs 6 6
Can -6 6
Cen 6/m 12
Ds 622 12
Cev 6mm 12
Dg, -62m 12
Den 6/m 2/m 2/m = 6/mmm 24
cubic T 23 12
T, 2/m -3 =m-3 24
O 432 24
T, -43m 24 26

Oy, 4/m -3 2/m = m-3m 48



Symbols of irreducible reprezentations Crystal field

Depends on the specific group

r N\

by symmetry: Principal Center of plane || plane L
rotation axis inversion to princip. axis | to princip. axis
(C) () (o) (o)
symmetric A g 1 '
antisymmetric B u 2 "
by
C,: i C,: degeneracy:
Py = —Px dyy —> Oy P« = Py 1:AB
Py, — —P, (similarly all d) Py —> —Py 2: E
— B == g = E 3T

27



Labelling of irreducible representations Crystal field

Il
[—

Ep,=1xp, a ¢.p,.=1xp. G.xE)=1 a xlc,)

Z

group G,

Y

éﬂ

z
/ <& XH_‘ | y
9|é G,
X

C,p,=-1xp, a a,.p, =-1xp, 4xCy)=-1a xlo, )=-1

Z
i

y

X
fy/c/ \Gi’z)fy
G,
X X

Characters of symmetry operations of the C,, group in the p, basis
CL’v E CZ .- q;:
B, 1 -1 1 -1




Labelling of irreducible representations Crystal field

£ group G,,

@?y

%v TS
R
R I

e

y

0.
S

Irreducible representations of the C,, group in the p, basis
C_’v E CZ G- G_/':
Ay 1 1 1 1




Labelling of irreducible representations Crystal field

By applying the symmetry operation C, (i.e. rotation by 90° around z-axis) the orbital p, group C4v
transforms into orbital —p, , and p, into p,.

For degenerate orbitals, the
character of the representation
equals the sum of the
characters corresponding to
the individual orbitals that
remain in the original place
after the transformation or only
change their sign.

Degenerate irreducible representations of the C,, group in the (p,,p,) basis

C, E C, C, C;=C, 0. Q.. a,. Cy
E 2 0 0 -2 0 0 0 0




Characters of irreducible representations Crystal field

, For degenerate orbitals, the
C.. E @ olyz) h=4 character of the representation
(2mm) equals the sum of the characters
A, 1 1 1 1 2 X2, y2, 22 corresponding to the individual
A, 1 1 -1 -1 R, xy orbitals that remain in the original
B, 1 -1 1 -1 x,R, xz place after the transformation or
B, 1 -1 -1 1 v,R, vz only change their sign.

A, 1 1 1 1 R, xy, X, Yy, 7
A, 1 1 =1 -1 z

B, 1 =1 =1 1 Rs R, xz,yz

B, 1 =1 1 -1 X,y

The sum of the second powers of the degeneracies of the individual representations is equal to
the order of the group (h=2v?tj. 4=12+12+12+12)
The number of representations is equal to the number of group classes.

@ i @ Ch

symmetric A g 1 '

antisymmetric B u 2 " 31




Characters of irreducible representations Crystal field

T, E 3C, 60, h=24

(43m)
A, 1 1 1 1 1 X’ +y?+ 22
A, 1 1 1 -1 -1 o
[ E 2 1 2 0 0 (222 — x*— y2, x> — y?) |
T, 3 0 -1 1 -1 (R,R,R,)
| T 3 0o -1 -1 1 (xvy2) (xy, xz, yz) |

The sum of the second powers of the degeneracies of the individual representations is equal to the order of the
group (h=Xv2tj. 4=12+12+12+12). The number of representations is equal to the number of group classes.

0. E (8C,) 6C, 6C, 3C, (i )(6S,) 85, 30, 60, h=48

(m3m) (=C3)
A19 1 1 1 1 1 1 1 1 1 1 x? + y2+22
25 11 -1 -1 1 1 -1 1 1 -1
[ E, 2 -1 0 0 2 2 0 -1 2 0 (222 = x> -y, x> = yv)|
T\ 3 0 -1 1 -1 3 1 0 -1 -1 (R, R,R,)
| Too 3 0 1 -1 1 3 -1 0 -1 1 (xz, yz, xy) |
. T 1 1 1 1 1 -1 -1 =1 -1
Ay, 1 1 -1 1 e T 1
E, 2 -1 0 0 2 -2 0 1 -2 0
T\ 3 0 -1 1 -1 -3 -1 0 1 1 (x,y,2)
T 3 0 1 -1 -1 -3 1 0 1 -1

@ i O Ch

symmetric A g 1 '

antisymmetric B u 2 " 32




Orbitals d in octahedral field Crystal field

orbitals t,,

[(z2-x) + (z2-y?))Ir?



Orbitals d in octahedral field Crystal field

spherical octahedral

v

34



Orbitals d in tetrahedral field Crystal field

spherical tetrahedral

v

A= 419 A,
A== 819 4,

35



Orbitals d in tetragonal field Crystal field

b4
by
a,
spherical
P octahedral OO ¢
tetragonal
bipyramid square

36






Crystal field in various symmetries Crystal field

€3 t2g

dKZ ’ dyl dxy, vdyl

t2

dxy ’ dxz ‘: dy:

€2




Trigonally distorted octahedra Crystal field

Trigonally distorted octahedral: t,, orbitals splits further to a;, and €.

regular trigonal (octahedra compressed
octahedra distortion along trigonal axis z)

(octahedra elongated
along trigonal axis z)

g

/\

39

g



Weak and strong crystal field Crystal field

Weak field — high spin complexes Strong field — low spin complexes

spherical octahedral spherical octahedral

v
N



Electron configurations in the weak and strong crystal field

Crystal field

d" octahedral tetrahedral
n weak strong weak strong
tog eg tag eg e t2 e to
1 1 0 1 0 1 0 1 0
2 2 0 2 0 2 0 2 0
3 3 0 3 0 2 1 3 0
4 3 1 4 0 2 2 4 0
5 3 2 5 0 2 3 4 1
6 4 2 6 0 3 3 4 2
7 5 2 6 1 4 3 4 3
8 6 2 6 2 4 4 4 4
9 6 3 6 3 4 5 4 5
10 6 4 6 4 4 6 4 6

41



Stabilisation energy Crystal field

O, CFSE =Ny, x (- 0.4 A)) + Ngy x 0.6 A,

T, CFSE=n_x (- 0.6 A)) + Ny, x 0.4 A,

-1700

-1800

-1900

AH,, [kJ mol’]

-2000

-2100

ca® sc® T V¥ ¢ Mn® Fe”

42



Ligand strength - Spectrochemical series Crystal field

Different ligands have different ability to split the d levels

- depends mainly on the degree of covalent interaction
with the central atom

- Increase of the ligand strength due to the
n—backbonding (o donors + T acceptors)

spektrochemical series — ordering of ligands according
their strength

-, Br, Cl-, SCN", F, S,0,, CO2 , OH", NO; , SO,2 , H,0
. C,0,2,NO, , NHy, C:HeN , en , NH,OH-, H-, CHy C.He
CO, CN-

43



Ligand strength - Spectrochemical series Crystal field

Ao = fligand X gion

fngand

| 0.72 NCS 1.02
Br- 0.72 C:H:N 1.23
SCN- 0.73 NH, 1.25
Cl- 0.78 en 1.28
NO; 0.82 dien 1.30
F 0.90 NO,- 1.40
OH- 0.94 CN- ~1.7
C,0,% 0.98 CO ~1.7
H,O 1.00

44



Dependence on the central atom Crystal field

3d <4d < 5d
M2+ < M3+ < M4+

Ao = 1:Iigand X gion

Qion [cM™]  (for [M(H,0)])

V2t 11800 Cr2* 14000 Mn2* 7500
Fe2* 10000 Co?* 9200 Ni2* 8600
Cu?* 13000 Ru?* 19800
Tis* 20300 Vv3+ 18000 Cr3t 17400
Mn3* 21000 Fes3* 14000 Co3* 20760
Ru3t 28600 Rh3* 17200 Irs* 32000
Mn4+ 23000 Tc4* 30000 Pt+ 36000

45




Dependence on the central atom Crystal field

5 7p2p Z . ligand charge
= 5 R5 R : distance between the central atom (M) and ligand

r : distance of electron in d orbital from the nucleus of M

A(Bd) : A(4d) : ABd) =1:1.45:1.7
AM?) : AM3) : AM*)=1:16:1.9

46



o-donor, t-donor a w-acceptor Crystal field

Scheme for d° - donor
(middle of the spectrochemical series)
eg* -
—
€ —
A
JAYY! A
A t29n v
t2g - - G
Madelunguv — N
otencial
Y - .
eg
o- donor, «t - donor c- donor, &t - acceptor
(beginning of the spectrochemical series) (end of the spectrochemical series)
ey _
A
€y A €q
tzg* v T
t .
“ T — T Ty
ty, —— ——*H— o ——H—o©
47
S T—




oc-donor, t-donor a w-akceptor

Crystal field
o- donor
Ligand group
orbitals
- donor, & - donor i i - donor, T - acceptor
eg t1u alg
tlu* “‘,
s e 7*
1 o tlg.tzg tlu tzu
Ligand group Ligand group
orbitals orbitals
———
_== thg tog tay tay
e ti 3—13 & t




Jahn-Teller effect Crystal field

Systems with spin-and-orbitally-degenerated states
tend to spontaneously distort the vicinity of the central
atom and thereby remove this degeneration

The active electron

configurations for octahedra are
3p 1 6p 1 6 3

ty’egh 1Pyt aty e .

. x2-y? — 22— Octahedra is elongated in
eg = Zz+ Xz_yz+ . .
the direction of the
occupied orbital, because
the occupation of the anti-
I S XZYZ 44 bonding molecular orbital is
’ XZ,YZ A A e increased

49



Cooperative Jahn-Teller effect Crystal field

Mn;0O, LaMnO,
@ @ Pbnm

14,/amd

—dLdld} d,

299

50



Cooperative Jahn-Teller effect Crystal field

Bi,Sr,:MnO,

5.54 llﬁll-.l.—n ]

F — ]
552 11l . a ]
5.50 | a ,,.,.A”"H ]

5.48f | s b2

[ £
546 | —®—C £ o 15
5.44 f/ -
5.42] é’i % o ]
5.40 T ke .
L =
5.38 | e I -
I aa 1
5.36 | aaad 200 400 Eo0 800 |
5.34 i L 1 L 1 L | L 1 L | L 1 TtuK] | L 1
100 200 300 400 500 600 700 800 900
T (K)
Teo =530 K
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Crystal (ligand) field theory

e Orgel’s diagrams

e Tanabe-Sugano diagrams
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Splitting of states for electron configuration d? — spherical symmetry Crystal field

A
% Is Degeneracy of the state d?:
=
s=oL=0v=1 v = 10l/(21)(8!) = 45
Singlet
7 i
"~ V=5
— v=3
v=l
Octahedral crystal field
) > spin-orbit interaction
~ 3" ~ === degenerace v=9
Triplet Bl —
LT 'ree i,
= 3F
s=1 - T, -
——— degenerace v=7
S — STlg v=3
R v=1
. degenerace v=5
No S5 1l LS Effect of CF SO
electron coupling coupling coupling magnetic .
interaction field 3d. HCF > HSO
1.Hund 2.Hund 3.Hund Zeeman 4 Hso > Her
rule rule rule splitting
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Spectroscopic symbols — ground state Crystal field

occupation of orbitals starts from maximal m,.
N : number of electrons

-L...L

L= Zml XN,

N, : number of electrons in state m (M, my). ~Yy
S= ) mxn,
Mg
m;:| -2 -1 0 1 2 n L L S 25+1| J J
0 =0 S | S=0 1 | |L-S| J=0
) 1 l=2 D |[S=1/2 2 IL-S| J=3/2
) ) 2 L=3 F | s=1 3 IL-S|  J=2
) ) ) 3 L=3 F |[S=32 4 IL-S| J=3/2
1 0 ) ) 4 L=2 D | S=2 5 L-S| J=0
[T s o s |sse o6 | s a2
T T T T ™ 6 L=2 D | S=2 5 | L+S J=4
T T TN N 7 L=3 F [S=32 4 | L+S J=9/2
T T NN N 8 L=3 F | S=1 3 | L+S J=4
T NN NN 9 L=2 D |S=1/2 2 | L+S J=5/2
NN NN 10 L=0 S | S=0 1 | L+S J=0

28+1LJ
dn GS
d ! 2D3/2
d? 3F,
d?3 |:3/2
d 4 5D,
d > 6S5/2
d e 5D,
d’ | *Fgp
d? 3F,
d ? 2D5/2
dO’dlo 180




Orgel’s diagrams — d orbitals, octahedra, weak crystal field Crystal field

-
Eg d*: ty eyt dh: tyy" N 3ty d2: ty,? "9
de: t2g6 eg3 de: t, g4 egz Azg ds: tng egz d7: t295 egz
0 AF 0 A
Octahedral d* d® | d', d° a5, d® e g7
(tetrahedral) (d', d®) i (d* d°) (@2, d7) + (d? d?)

» Weak crystal field, i.e. ground state is high spin

* Tetrahedral states does not have subscript ; (tetrahedra does not have inversion symmetry)
e gntd = t2gx+3 egy+2 55



Correlation diagrams (d orbitals, octahedra, weak crystal field)

, 2 . o r dﬁ
Bl X ol 2l s 2
1/4 period 112 period

Figure 3-20. The symmetrical pattern of ground term splittings in octahedral symmetry.

3/4 period

Crystal field
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Correlation diagram d? — octahedral symmetry Crystal field

|A|
£
e S————— lAl.l\'
'k —e
———————————— 3A22
S 158
' =
=y
@
- 1
5 0

Energy T Iy,

Increasing ligand field strength—

Coa
I.-, (1]

Free Weak Interaction Strong Interaction e Stron_.g
lon Interaction 57




Correlation diagram d? — octahedral symmetry Crystal field

'Al.u
: L ‘;'TL'
3Ang
0. E 8C; 6C, 6C, 3C, i 6S, 8S; 30, 6o,
(m3m) (=C3)
A 11 1 1 1 1 1 1 1 1
A, 1 1 -1 -1 1 1 -1 1 1 -1
E, 2 -1 0 0 2 2 0 -1 2 0
T 3 0 -1 1 -1 3 1 0 -1 1
Ty, To. 3 0 1 -1 -1 3 -1 0 -1 1
1Ty,
37"]# "‘u‘
3T,
O, Alg Azg Eg Tlg ng
Ag |Ag|Ayg| Ey Tig Tog
Azg |Azg|Ag| Ey Tag Tig
Al Eg Eg Eg Alg+A29 T19+T29 T19+T2g
'E, + By
—— le,
T t Tig | Tag | Tog| TagtTog| AsgtEgt | AggtEgt
3 T ¢ ‘ Tlg+T29 Tlg+T29
Free Weak Interaction Strong Interaction ;oSlron_g Tog | Tog|Tig| TagtTog| AogtEgt | AgtEgt
fon nteraction Tyg+To To*tTo




Tanabe-Sugano diagrams Crystal field

Octahedral field

.S
E 7- 1 E A 1
8 | d* e T /8 3 T
: 3”4/ ,
— t 1.
50 / /7; 50 - 1T2J12e /3T 2
1
40 J7;{121e’) {0 - 372(125 3)
1
30 - 1 A
30 - 1
16 —= )
p 2047/ E G —20 - 1
10 IE 19
10 - 10
3 I
F l ' ' ik o I I l JAz(TzG ¢’)
1 2 3 A/4OB r P 3 A/mB
d? ds
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Tanabe-Sugano diagrams

Octahedral field

50 —
40,

30 =

Crystal field
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Tanabe-Sugano diagrams Crystal field

Octahedral field

61



Tanabe-Sugano diagrams Crystal field
Octahedral field

/s

d5 62



Tanabe-Sugano diagrams — octahedral field — d?,d® Crystal field

E/B

d*> Tanabe-Sugano Diagram

1 1
%0 Alg Eg
3A2g
70 1
60 1 ‘ lTlg
1
1o T
g S
50 1g
40 1
/ - 5 2g
. “g
30 - /
PA | B 1
b = i
10 - TZg
3SF
0 v 3Tlg
0 10 20 30 40

E/B

d® Tanabe-Sugano Diagram

lAlg lTZg 31'1




Tanabe-Sugano diagrams — octahedral field — d3,d’

E/B

d* Tanabe-Sugano Diagram

/B

al

E

d’ Tanabe-Sugano Diagram

24. 4 24.4
‘423 AZg Alg Tlg

Crystal field



Tanabe-Sugano diagrams — octahedral field — d4,d®

d* Tanabe-Sugano Diagram

d® Tanabe-Sugano Diagram

3 1
A 2z A?.g 14 2 g3.4 lgsA 2g5E g 3 g
80 80
/ ST 2 3T-,g
70 - 2 J 34,
1T
1
60 1 14 :
3 + g
P 3,
50 - Ay,
lF 31’
~n 2g
S 407 ‘E
5 g
3D, lr
30 1 4,
'F.iG ~
SH 5
20 - / lEg
va Eg
I T,
5 Ig
5D ’Eg 3
0 L) T 1 T Tlg
0 10 20 30 40 50 0 10 20 30 40 50

A/B A/B

Crystal field

L4,



Crystal field

Tanabe-Sugano diagrams — octahedral field — d>

E/B

d> Tanabe-Sugano Diagram

14,

4
2z Tlg

66



octahedral field and spin-orbit coupling Crystal field

SrYIrOg — Irs*, tyg*, 3T SrIr0, — Ir¥, tg° , 2T
b
4 ) ) UHB
- S Eneel | MESsSEXT Ul E-----------
2 t,, band ‘ >
4 3 LHB
t2g » ];g .
—_— wide ¢,,~band Metal S =1/2 Mott ground state
9
AN © CI
Jr=1/2 band uTH= or = 1/2 UHB
— SO
2 ! J off = 3/2 band ; J, 7= 3/2 band
J 5 band split due to SO J r=1/2 Mott ground state
-6 O — —
spin-orbit  Zeeman - |1ODq Jy=112 e _ 5
coupling  splitting L==1=Icso e
by T — " Jan
Fig. 5. Energy level diagram for t;g configurations. Jef— 32
Crystal Field SO coupling  Crystal Field SO coupling

FIG. 1. Schematic energy diagrams for the 54 (13,) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.

3. Alloys and Comp. 287, 130 (1999). Phys.Rev.Lett 101, 076402 (2008).



Splitting of the levels of Ln3* in low symmetry crystal field Crystal field

900 +
1400 ~ 3+ 3+
Pr3*in 800 4 Nd>*in
1200 - 131 Orthorhombic 54 orthorhombic
1000 - ——995  Symmetry 600 - symmetry
=789
=804 500 -
800 - —_—782 —0611
600 o
. 300 - —
271 — 132
65 100 - I
200 T _0 0 ]
—_—>
0 - -100 - Heoxt
yd val.e f(3+) Kramers 3+ 4+ d(sing/dubl)
57 3 0 La Ce singlet 1sing 1SO
58 4 1 Kramers Ce Pr dublet 3dubl  2F5/2
.......... 59 .9 .2 .. non-Kramery Pr | Nd _ singlet  9sing 3H4
.......... 60 .6 .3 ... Kames Nd | Pm__ dublet  5dubl 41972
61 7 4 non-Kramers Pm Sm singlet 9sing 514
62 8 5 Kramers Sm Eu dublet 3dubl  6H5/2
.......... 63 ....9 .6 non-Kramery Eu | Gd _ singlet  1sing 7FO
.......... 64 10 7 Kamers Gd | Tb  dublet  4dubl 8S7/2
65 11 8 non-Kramers  Tb Dy singlet 13sing 7F6
66 12 9 Kramers Dy Ho dublet 8dubl  6H15/2
.......... 67 ....A3. .20 non-Kramers Ho | Er __ singlet  17sing 518 .
.......... 68 14 11 Kamers Er | Tm  dublet  8dubl 41572
69 15 12 non-Kramer§ Tm Yb singlet 13sing 3H6
70 16 13 Kramers Yb Lu dublet 4dubl  2F7/2
71 17 14 Lu singlet 1sing 1SO




Tanabe-Sugano diagram for d® Co3* Crystal field

Co3* ion may exist in 3 spin

5 1 states in oxides:
s 2t L co®™in Lacoo,
(5=0) °, 1. Low (LS, S=0, t,fe,?)
2. Intermediate (IS, S=1, t,;°e,')
g_l) W 3. High (HS, S=2, t,;%e %)
Because of the different ratios
5 SR between parameters:
Eq s (D) HS tele > Crystal field Ag,
3T‘ (1) L > Coulombic repulsion U,
HS (S=2) T, CH) IS > Overlap of Co(d) and O(p)
A< U Spy L orbital.
- ol L 3T, CHY IS
eq T 7 "
g [NW] 1] 1 2 e T2gUD) HS 1 €2

*’- 1
0 octahedral A { I} LS (S O)
crystal field Acg > U

IS (S=1), stabilized due to overlap e,
of Co(d) and O(p) orbitals

ty | ] N[N

€q 0

tg | NV || T
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Splitting of the 1.excited state for d® Co3+ Crystal field

A,: Ground state low spin t,°
degeneracy v=1

LEICOOs m () E(K) T,y 1. excited state t,,* e,

A 945 degeneracy v=5x3=15
'912 = —— o
v :i-,Iiﬂ 0 910 Splitting due to:
N i 405 a) octahedral crystal field Her (B,) = 200K
= H . . :
w S 7 b) spin-orbit interaction Hgg (A) = 185K
9.6 | a c) trigonal distortion of octahedra Hy;, (By) = 7.2K
\ 0 305 Her > Hso > Hyig
| e C—— 184 378
". 2 1310 346
-10 |
! 3 £235 7
0
ﬁg_[‘ 140 K
‘A, (')
octa ocla octa
B,=+200K By=+200K B;=+200K
r=0 L =-185K A =-185K
B)=+7.2K
tngonal
a) b) ¢)
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Correlation diagrams (d orbitals, octahedra, weak crystal field)

Racah parameters A, B, C (>0)
Energy of the state E(L,S) is generally expressed
E(L,S) =aA + bB + cC

e.g. d? (<d?):
3F=A-8B
3P=A+7B

IG=A+4B + 2C
ID=A-3B+ 2C
IS=A+14B + 7C

B=B/B,<1 Nephelauxetic ratio
B,: free ion, B: in polyhedra

Crystal field
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