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% Single electrons: Spin, Angular Momentum, orbits and spin-orbit coupling
+* Many electrons — the magical power of Pauli

** Non-magnetic magnetism : dia-magnetism and Van Vleck paramagnetism
% Hund’s rules and effective moment : a 4f lanthanide success story

% Crystal field effect : the case of 3d transition metals

» Jahn-Teller effect

Slides by lvica Zivkovic and previous ESM lectures
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SPIN MAGNETIC MOMENT

< |ntrinsic property of electrons (and other subatomic particles).
« Demonstrated experimentally by Stern & Gerlach (1922),

« Analogous (but inaccurate!) to a charged particle spinning around its axis.
<« Electrons, and fermions, can only have two spin states: o = +=1/2

Analogously to the orbital magnetic momentum:
L., = &S

(s*) = s(s+1)
(s,) = x1/2
m, = _24uBS




ATOMIC ORIGIN OF MAGNETISM IN MATERIALS

ORBITAL ANGULAR MOMENTUM
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Spin-Orbit Coupling

Spin and angular momentum coupled to create total angular

TR é. .U .......... .. momentum j ] =]+s j s
:...- *,... m = ,Yj
] Y-e ; I

From the electron’ s point of view, the nucleus revolves
Ze T round it with speed v = current loop. It is a relativistic effect

| = Zevl2mr
which produces a magnetic field u,//2r at the centre

B, = u,Zevi4nr? [~10T for B or C]
=- mB E,. =-ugB

SO

= 274 3
Since r = a,/Z and mr=h Eo = -WoMg L /4may

The spin — orbit Hamiltonian for a single electron is of the form:
in general #__ = (1/2m_2c2r)dV/dr I.s

Hso — Aj' §!




The total magnetic moment is thus:

m = m, + m,

Which needs not be collinear with the total angular momentum:
L, = a(l + s)

v’ Every particle has a magnetic moment, and an intrinsic angular momentum;
he

2 mp
* Neutron: does not carry electric charge, but it has both an intrinsic angular

* Proton: m, = g, nL, g, = 2.793

momentum and a magnetic moment:

ne
mn — gn 2m

v’ These magnetic moments are much smaller than that of the electron, due to

rL, g, = 1913

the different masses.



Electron in a H-atom

@ One electron and a symmetric potential, (e.g. H-atom)

oV (r, )_ h?
o 2mv2w( t)+ V(r)V¥(r,t)

ih

with stationary states

U(r, t) =& m(r,0, ¢)u e Ent/h
where

q)n?n',,m(ra 0, ﬁb) - R,,;(r)Y;m(é?, (;fl)
and principal, n=1,2,---, angular momentum,
[=0,1,---,n—1land m=—/[.—/+1,---,/ and spin,

o =T, ], quantum numbers.
2

o H-atom: V(r)=-=2-, E, = —%ﬁ eV.
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repulsion between electrons
This Hamiltonian is insoluble.

Approximation: average effective potential with spherical symmetry.
- The degeneracy of energy levels with equal n is lifted:

Energy depends on I: E(2p,,) # E(2p,) # E(2p_,)
Filling sequence of electronic levels!

L-S coupling scheme: (important for most ions of interest in magnetism)
Individual spin and angular momenta add to give resultant quantum numbers:

S = ZS;, Mg = stp L = le M, = Zmn

(Alternatively, when LS coupling is very strong, /. and s first couple for each
electron to yield j: j—j coupling scheme)



Many electrons in atoms

* 2electrons in same spatial state occupy different
spin states (S=0), electrons with ‘parallel’ spins

(S=1) tend to avoid each other --- spin correlation.

Magnetic properties of matter.

* Many electron wavefunctions as Slater
determinants of 1-electron wavefunctions.

* Each electron in effective potential set up by

nucleus and other electrons, | degeneracy broken.

* Products of states labelled as 1s2, 2s2, 2p6,...

Filled states cancel S and L to effective (almost) zero
magnetic moment

In solids, ions share or swap electrons to create filled
shells => eliminating magnetic moments

n 1 m, m, No of states
Is 1 0 0 +1/2 2
2s 2 0 0 +1/2 2
2p 2 1 0,1 +1/2 6
3s 3 0 0 +1/2 2
3p 3 1 0,1 +1/2 6
3d 3 2 0,+£1,+2 +1/2 10
4s 4 0 0 +1/2 2
4p 4 1 0,1 +1/2 6
4d 4 2 0,£1,+2 +1/2 10
4f 4 3 0,£1,42,43 | +1/2 14




One-electron hydrogenic states

The three quantum number n ,| m, . : T s No of states
denote an orbital.
Orbitals are denoted nx_, Is ! 0 L £1/2 2
x =s,p,d,f..for [=0,1,2,3,. 2 10 19 w2 |2
2p 2 1 0,41 +12 |6
Each orbital can accommodate at 3s 3 0 0 +1/2 2
most two electrons® (m ==1/2) 3p 3 1 0,+1 112 6
N 3d 3 2 0,+£1,+2 +1/2 10
4s 4 0 0 +1/2 2
4p 4 1 0,£1 +12 |6
4d 4 2 0,+£1,+2 +1/2 10
S, e 4f 4 3 0,+1,42+3 |+12 |14

*The Pauli exclusion principle: No two electrons can have the same four quantum numbers.
=> Two electrons in the same orbital must have opposite spin.
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not one but several electrons

applying magnetic field

L=77><p—>2ri><pi
i —

2 2
D [p; + eA]
Hy = E (27;1+Vi>—> E < lZm +Vi>+guBBS

[ [

1

A==BXr

2 .

kinetic energy - - -

:choice of gauge: E J

1 |

E, = =mv? = —p?
k=3 omP
B>0 1

e2
}[Z%0+MB(L+QS)B+% (eri)z
= (p - qh)? 2




Filled shells

6?22
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le Hem 2 BXT)
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dominant contribution
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Filled shell in the ground state
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dominant contribution
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Maximize S

Maximize L

subtract/add

La3+
Ce3+
Pr3+
Nd3*
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Eu3*
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total (measured) moment
total angular momentum

= 9]#37 = ug(g.L + gs8) j —=L+S — butalso operators!

g% = (g.L] + gsSI) L

[
]
I
%1
|
[
—]
I
h

S2=(J-L)?*=J>-1%-2JL

JO+D+LL+1)-SS+1) JU+1D)—-LL+1)+SS+1)
270 + 1) +9s 270 + 1)

9g; = 9L

3 S(S+1)-L(L+1)
2t T 0+

forg, = 1,95 = 2 g Landé g-factor
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thermodynamics through the partition function:

E; J mjygjupB
Z:ZekBT: Z o KsT J=L+S
[ my=-—J]
Z{n __ m]em]x
= g]/lB]Bout
M = ng]HB<m]> = ngjis : X =

M = ng;ug/B;(x)

B;(x) = 2]2-; . coth (2]2-; . x) — % coth (2—1] x)

Brillouin function



M = ng;up/B;(x)

saturation value

B](x) =

2] +1
2]

E 4

coth (

X

2] +1
2]

_ g]/lB]Bout

)

kpT

1
— —coth

2]

(

1
27"

v

)

PhysRev 88, 559 (1952)

| | |
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ISOLATED MAGNETIC MOMENTS paramagnetism

B;(x) = 2]2-; ! coth <2]2-; . x) — % coth <% x)

(75 N

1
B, (x) = L(x) = cothx — <

Langevin function
\_ /




ISOLATED MAGNETIC MOMENTS paramagnetism

B;(x) = 2]2-; 1 coth <2]2-; . x) — 2—1] coth <% x)

(75 N\

1
B, (x) = L(x) = cothx — <

Langevin function
\_ /




B;(x) = 2 +1 coth (2]2-; ! x) — % coth (% x)

1
By (x) = L(x) = cothx —7

Langevin function
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The 2 main series of magnetic elements
Rare-earth element Transition-metal element

\ Nd

5d, 6s

4f electrons : inner shell
3d electrons : outer shell 0.360m 0.25nm

3
!'E.’ Cobalt
Gadealinium 3

leads to very different
behaviours
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based on hydrogen
visualization is not straight-forward
radial and spherical coordinates

complex value
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CRYSTAL FIELD EFFECTS charged environment

322-r2 xz yz xy x%-y?



CRYSTAL FIELD EFFECTS charged environment
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CRYSTAL FIELD EFFECTS charged environment
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close to charges
Xz yz

e AE

away from charges
- el.stat. y &



- - point-charges
- - (crystal field theory)

| |

cation-anion orbital mixing

- - (ligand field theory)
close to charges
Xz yz
/’/ AEeI.stat. away from charges



CRYSTAL FIELD EFFECTS octahedral environment

** 6 point charges

+»» equal distance from the magnetic ion (ideal case)
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CRYSTAL FIELD EFFECTS octahedral environment

** 6 point charges

+» equal distance from the magnetic ion (ideal case)
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% ABO, (perovskites, new solar-cell materials)
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6 point charges
equal distance from the magnetic ion (ideal case)
ABO; (perovskites, new solar-cell materials)

high-Tc superconductivity in cuprates

K,FeCu,S,

A - ————

__________

___________

Bao’ﬁKo",FezAs2
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6 point charges

high-Tc superconductivity in cuprates
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ABO, (perovskites, new solar-cell materials)

colossal magnetoresistance in manganites

equal distance from the magnetic ion (ideal case)

J. Phys. Soc. Jpn. 67, 2582 (1998)
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6 point charges

equal distance from the magnetic ion (ideal case)
ABO, (perovskites, new solar-cell materials)
high-Tc superconductivity in cuprates

colossal magnetoresistance in manganites
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6 point charges

equal distance from the magnetic ion (ideal case)
ABO, (perovskites, new solar-cell materials)
high-Tc superconductivity in cuprates

colossal magnetoresistance in manganites
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SC3+/Ti4+/V5+
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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A ¢ if there would be no electron-electron repulsion (J,=0) > S=1 J,,
(0]

o ifJ,>0butJ, <A —>S=1

||| ¢ H H o |||
v \ 4 v v

@ if),>A, —>S=2



Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?
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oI 1) ' ' ' s J =L+ S does not work Hy > Hep > Hso > H,
* Lis ‘guenched’

+* point charges break the rotational symmetry
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Sc3t/Tit /Vo+ Sc2t/Tidt/V4+/Cr5* Ti2t/V3t/Cré* VZt/Cr3*/Mn* Cr¥*/Mn3* Fe2*/Co3 Cu'*/Zn?

S=0 S=1/2 S=1 S=3/2 S=2 S= 5/2 S=2 S= 3/2 S=1 S= 1/2 S=0
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¢ in practice: incomplete quenching

* t,,subset (n=1,2,6,7), ‘effective’ L =1
* spin-orbit coupling

+» reflected in g > 2 and often anisotropic
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CRYSTAL FIELD EFFECTS 4f orbitals

shielding of 4f electrons from the Hoy>Hso >Hep > H,

p(r) 4 af /\4\ crystal-field potential
5s
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CRYSTAL FIELD EFFECTS 4f orbitals

shielding of 4f electrons from the Hoy>Hso >Hep > H,

p(r) 4 af /\4\ crystal-field potential
5s

op

~

Ce3+ Pr3+
1=7/2 % J=5
AE,
6 statesy o g 1=4
J=5/2 3 AE, << AE,
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4f orbitals

CRYSTAL FIELD EFFECTS

shielding of 4f electrons from the

p(r) 4 af /\4\ crystal-field potential
5s

op

J odd Jeven
/ Cedt <« \ number of electrons C Pr3+ \
8 states 11 states Jos
1=7/2 3 {Kramer’s theorem: -
AE,, 2-fold degeneracy (at least
6 statesy — 9 states _
J=5/2 } AE. << AE, possible 1-fold degeneracy -
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(singlets — non-magnetic ground states!)K_
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-'— — doubly degenerate

Gt

one orbital up

ta(z — 20) + bz—25)"+ - dgg’t = ta+ k&=

Orbital energy gain

AEg= f(z — z9) =

one orbital down

Elastic energy cost K % 2,
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no degeneracy
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static JT ]

1
_ = 32
Eelas = 2 k(z — zo) Magneto-elastic effects



% Single electrons: Spin, Angular Momentum, orbits and spin-orbit coupling
+* Many electrons — the magical power of Pauli

** Non-magnetic magnetism : dia-magnetism and Van Vleck paramagnetism
% Hund’s rules and effective moment : a 4f lanthanide success story

% Crystal field effect : the case of 3d transition metals

» Jahn-Teller effect
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