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Previously

Intro magnetism

- Diamagnetism: induced moments, no interaction

- Paramagnetism: needs moments, no interaction

- Ordered magnetism: needs moments & interaction
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Magnetism

Diamagnetism:
- No magnetic moments
- No magnetic interaction
- Response due to induced currents
- Magnetization opposite to field

Paramagnetism:
- Magnetic moments (spin, orbit)
- Weak magnetic interactions
- Response due to orientation
- Magnetization in field direction

Ordered magnetism:
- Magnetic moments
- Strong magnetic interactions
- Response due to polarization
- Ferro-, antiferro-, ferrimagnetic

- Water
- Ideal gases
- Superconductors

- Metals
- ‘odd electron’ systems
- O,, biradicals

- Fe, Ni, Co
- Cr, high-T, (CuO systems)
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Today

Non-ordered magnetism
Magnetic moments
Crystal field effects
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Magnetization and susceptibility

Magnetization atT=0:  M(H)= _%il—cl)
S M, (H)e En /KT

at finite .  M(H) ="

5 g En/kT
n

Magnetic susceptibility: y = Z—I\I—/II

2
0°E,
oH?

Only ground state (low T): X =—
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Dia- & paramagnetism

M=y H
M X
B ¥ - Diamagnetism
- Temperature independent
M X

/ Paramagnetism

H UT 7 dependence
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QM treatment: orbit

. S . . e
Inclusion of the field in the motion: p —>p+—A

Uniform H-field: A = —%FxFI

H=T+V  hL=YTxp;

C

Gauge: V.A=0;

2
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QM treatment: spin

Inclusion spin moment: JolgH-S = gougHS,

2
2
8mc? Z(Xi +yi2) H® =To + He
|

H=T,+pg(L+g,S)-H+

Ehn=Eno+Ep

InHgn)?

Eg =(nHgN)+ >,
° < B> n=n' En_En'

L [MBI:I : <n[ + goén'>]2 e2
~ ugH- <nL + gOSn> + ngn' E _E. + — H <n

Q>Curie Q> Van vleck &> Langevin

5 i2+Yi2}n>
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*Everything is (dia)magnetic
*Langevin diamagnetism: ‘shielding’ effect (Lenz law)

*Meissner effect in superconductors y =—1
e -

*QM: inclusion of field Orbit P> p+ EA

Spin gorgH- S = gouHS;

H:TO+HB

Hg =up(L+0oS)-H+— H* X (x* +y?)
: I I

8mc |

ST/¥VT SM
I-dINO 1Ad



Magnetism

Diamagnetism:
- No magnetic moments
- No magnetic interaction
- Response due to induced currents
- Magnetization opposite to field

Paramagnetism:
- Magnetic moments (spin, orbit)
- Weak magnetic interactions
- Response due to orientation
- Magnetization in field direction

Ordered magnetism:
- Magnetic moments
- Strong magnetic interactions
- Response due to polarization
- Ferro-, antiferro-, ferrimagnetic

- ldeal gases
- Superconductors

- Metals
- ‘odd electron’ systems
- O,, biradicals

- Fe, Ni, Co
- Cr, high-T, (CuO system
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Langevin diamagnetism

2 x

R ugf- (L + o8| &2
EBzMBH'<nL+QOSn>+n§n' B <En—En(? | +8r(re102H2<n

Low temperature, filled shell ions (J0)=L/0)=S|0)=0)

e’  2/ne 2
EBz 2H OZI’, 0)
12mc i
2 2 2
_n? EZB:—n © 2<02ri20>:—nz © 2<r2>

oH 6mc i 6mc
Sl =—nZMOeZ /r2)
(Sl x em \ / )

2
|

e
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Paramagnetism

H

_

T

pd

/T

e alignment of weakly interacting magnetic moments
In a magnetic field
* Curie law y =06/T

« Magnetic moments = spin, orbit

« Ground state splitting (Curie)
 Low lying excited states (van Vleck)
 Density of states effects (Pauli magnetism)

First: Coupling between L and S: Russel-Saunders
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&

Spin-Orbit interaction
(qualitative)

Magnetic moment electron spin: fi = —gyg S

Current of the electron in orbit:

ve eRxp)/m el

21R 27R? 27mR?
eL

A°mR>

B=1/2nR =

Energy of the spin in the field of the orbit:
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Partially filled shells

Russel-Saunders coupling L,S and J commute with Hamiltonian.

Quantum numbers L,L,, S,S,,J,J, describe electronic state

Hund’s rules for n electrons in 2(2/¢ + 1)states
(Maximization anti-symmetry + Pauli)

|. Lowest state has highest S

. Lowest state has highestL(=3 /)

Ill. Lowest state has minimized LS interaction
L+S for more than half filled (L,S opposite)
|IL-S| for less than half filled (L,S parallel)

States are characterized by |[LSJJ,)
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Hund’s rules

Spectroscopic notation . 0123456
X=SPDFGHTI
28+1X‘J
gZ
Fa ’ S=2
d-shell (/=2),4electrons —#"—7 |5 _o sp
Mn3+,Cr2+ # 1 J_O 0]
2 —_—
4z
d-shell (¢ =2), 5 electrons ——#%— :i S=5/2 ]
Fe3+ Mn2* %’ 0 =0 => 85/2
I BENEYV.
14
d-shell (£=2), 6electrons ——4 5  o_,
Fe2* #LL '(1% | =2 => 5D,
RN
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Rare earth elements

|:| alkali metals |:| other metals |:| noble gazes
|:| alkaline earth metals |:| other nonmetals |:| lanthanides 1% 14 15 16

|:| transition metals |:| halogens |:| actinides EE %::E "t' ::E

b [ T S O 10
VIa VIla |—— VIIla—= 11
VIbk  VIIb [—— VIIIh —= II:-

4u 41 4z (43  [a4
Mbh Ho |Tc |Ru
IIIIIIiiII IiIIIIEEII

.‘.‘./ Rare earth elements:
!‘!‘! : 1 Ce-Lu
00O BSp o0

ST/¥VT SM
I-dINO 1Ad



Rare earth elements

f-shell ( ¢ =3), 7 electrons
Gd3+

WNPFPORLNpWN
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Spectroscopic splitting factor
Level splitting in a field

Hg =pg(L+90S)-H=gjug J-H

(C+9,S)=9;J

(L+0oS)-I=gjJ-J
L-L+(1+0go)l-S+0oS-S=g; j(j+1)
L-S=J-J-L-L-S-S)/2
_(1+90)J(+D)+(@=g)ll+D - (1-9go)s(s +1)

I 2i(j+1)



Spectroscopic splitting

s shell, 1 electron: E
°S,;p (5=1/2,L=0,J=1/2) => 0;=0,=2 ugH

Mercury 3S, — 3P, transition (6s!7s! — 6si6p!, G.S. 6s25d°)

m,=1
m;=0
mJ:'l

g;=2

3P0 —— y \ 4 \ 4 mJ:O gJ:O

H
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Intensity

Oor

\

2046_21 A 35 Ardd.5¢ 048,88 4048, B4 AD47 - A3 .22
Wavelength (A) X seale fnitesea): 0.04 - 1

(a)

Y scals funitefom):  isa

Intensity

AD4E B2 £046_78 4046 . G4 AO4T, 10 AT 26 PRy,
Wavelength [A) imu fun itwfcR): 0,04

(b)

Experimental spectrum of the 4046.6 A, 7 3S, --> 6 3P, transitions of atomic Hg wit
(a) zero magnetic field
(b) a magnetic field B = 29.0 kG.

>
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Crystal field splitting

Rare earth’s: 4f shell’'s small (‘inner’ electrons)
Iron group: 3d shell’'s on the outside
=> decoupling of L and S, J no longer good QN
=> gplitting of the 2L+1 orbital states
=> Quenching of the orbital angular momentum (L,—0)
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2D p states In a 2 fold potential

Ver = Qeos(20)

p-states in 2D: Y| m(6,0) = cos(6)e'™? = e*1*
Pi1c = R(r)eiiexg oc=Tor
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[P1o| VeF [P1o) = [dd e - Qcos(29) - e =
<p—lo Vcr IO_J,G> =[d¢ et -Qcos(29) - e -0
(

(

P_16| VeE [P1o) = [dd €' -Qcos(29) - €' =
P1o| VeE [P_1s) = [do €7 - Qcos(29)- e‘ - Q

H=Ho+Vee (B0 @ 0 0[Pt/ |  [lpur)
Q E,, 0 O ‘p_l¢> e ‘p_l¢>
0 0 E, Q ‘pl¢> ‘pl¢>
0 0 Q BoJ)llpgy)) \pgt),
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With LS coupling

(PL-S¥) = {00+ -LIL+D-S(S+D}/2
<pl¢E-épl¢> (15/4—-2-3/4)/2=1/2

- = (M2 Q 0 0[Pt P11)
H=H, +Vcg +AL-S Q -» 0 0] p_11) e P_11)
0 0 /2 Q| lpy) ooy
00 Q Mipw))  Upay)
2 1 31/8

L U‘p16>+v‘p_16> } :2+J97x2/16+Q2

_-y s 2_;_ 31./8
P15)—UP-15) v 2 02116102

E, =-A/4+02/16 + Q2
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Angular momentum

<¢+,T\J\¢+,T> =u® '<p1T\J\p1T> +v° '<p—1T\J\p—1T>

1 30 /8 } 3 {1 30/8 } _1
=< 4 - .
2 Joa?/16+Q%) 2 (2 Joa?/16+Q?) 2

1 30/ 4

= — T 1.4
2 932716+ Q2 3/2
1 304 )

Bedii) =57 JoZiere?

-1/2

1 15 2 2.5 S S5 4
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Magnetic moment

1
P11mzpyp) =Lz +0S2)up = (1+2- ) Jup = 2ug

1
<pl¢m2pl~l«> =(Lz—-9Sz)ug =(1- Z'E)HB =0

U

<¢+,Tm2¢+,T> — u? .<plezplT> L2 '<p—leZp—lT> _ {1

3An/4
m =11 |
<¢+,¢ Z¢+,¢> { \/9k2/16+Q2} MB

m/ pg

3r/4

+
V912 /16 + Q2
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