
Lecture 19 (March 41

Sources of magnetism :

( it magnetic moments due to electric currents :

in = tzfdx I xjlxl

Iii ) intrinsic spin :

in -- quilt
Here µo=qk/2mc is the magneton .

For the electron
, g- =

- eco

and pre -
=
-µ , with pipe e-42Mec

= 5.788×10-9eV/G
.

Note µB/k, = 6.717×10-5 GIK so for electrons setting µ,zH=kBT
with T -- IK gives H = 1.489×104G = 15T

.

Single electron Hamiltonian :

H -

- *Im t Vfx ) t 2¥ E. It tg÷ E. Tvx (Bt EA )
kinetic potential Zeeman spin -orbit

Where does this come from ? From
+ gn;h÷pv + ¥Mt . . .

the Dirac equation : 8m3c2

Darwin 0/1/642)

in t:÷: *⇒ teen
Dirac spinor
(4 components )



A canonical transformation
,
the Foldy - Worthuysen

-transformation
,

is invoked to separate the upper two components from the

lower two components (see 814 .
11 )
,
i.e. H→ e

is
He

- is
.

The Zeeman term is more properly written as

Hz -

- gµzJ .tt/h=piBo .
It

where I = {to and. #
radiative corrections (from QED)

g
-

- 2. { It Is, t Ok ' ) )
T

' '

tree level
"

where a = e'the = 1/137 is the fine structure. constant.

Response : in = - tu IFF, = magnetization

Xaptxix 't = - tu gµq¥fgµp = susceptibility

X
xp.
txt

,
I 't 't = 8sM4E

SHE;ty
=

dynamical
susceptibility

Bohr - von Leeuwen theorem : absence of orbital magnetism
in classical physics :

2-fat = fdhiddnnp e - pH ftp.t E Akil , Ii ) ) = Z lo )
Non - orbital magnetism is classically allowed (e.g., Ising model ) .



Basic atomic physics : start with

Helectron
-

- Ent Vfx ) tµBH -It ¥28 . FVXTT

where I = It EACH .
In a crystal , VIII has discrete

point group symmetries . For an isolated atom, Vix) is
isotropic , i.e .

'

V'txt = Vcr -- txt ) . Then
, taking A- = 'zttxr ,

Hso = 5 Vxtptfzttxr !

Jv -- Eri -- f Eri

Hsu = I E- 5. hixptfzrxfttxrl )

-

-⇐ HE s - it Mf ;mt s - Iti - iii. it
-

Next
, expand smaller than µ,

it -E by rYn

II -- II + fait .it Ittxr 12

where I-- I xp . The Darwin term is

hi
⇒ RV =

Zte't
'

⇒
81M

Since
'

V'KI -- - ZeYr . Thus , this adds a s -wave energy shift

BES
-wave

= Taf Zaps 1410112
.÷
,

10-4 TI Ry = 13.6 CV



Many electrons :

H -- E
,

in - 2¥ ) t.EScrisis;
uN

+ 7¥ ( tf Iiit 25it . it t.fm#ltTxr;l
' ) tEj÷,

with

Sir ,h÷ . Is = # a' I l? -Ea.
Zero external field : we have

H -- E. HII - Z÷t Skittish + E!
How to treat e - e interaction term ? Hartree-Fock :

Theo
.
. . .on
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t ant 'symmetrizer

As we have discussed , the important physics introduced by HF is

that of screening . We still assume spatial isotropy , meaning
the states 9kt can. be labeled by l , m , Ms , and a principal
quantum number n

.
Screened potential :

Url = f
- Ze't

,
r→ o

-Ce 'a'B1r 4 ,
r→ a

For hydrogenic atoms , Ene = En independent of l . But for



a screened potential , for a given n, smaller l means
closer to nucleus , lower energy . We discussed the Aufbau

principle :

heuristic :

ntl =L

n 't : ¥ ntl -- z
- fill lower Intl ) values first

m2 :
""⇒

- for equal Intel , fill the
ntl -- 5 lower n states first

n =3 : 35 3p 3d

my : It
-

- b

- In , e) defines a shell with

n --5 : 55 5 p 5d 5f 5g OSH ) 121+11=41+2 States

n
-

- b : Gs Gp Gd Gf 6g 6h

filled
Hund 's rules : -

Electronic configuration of C : 1522522,5 = (He] 2522,5
There are six states for the 2p orbital : Ipx , pg ,pz3x{T.lv }
Number of possible slates : (E) = 15 .
Quantum numbers : L ,

S
,
J with J -- Its ⇒ JE ( IL-Sl , . . ., Lts}

Standard notation :
""

Lj is called a term

-
M-

- I

2.SH = I
, 2,3 , . . . carbon Lp levels : turn

L = S
,
P
,
D
,
F
, .
. . It m - T f- m -

- I

ni.it EET TimJ = O
, } ,

I
,

- -
-

1=2 f- I 2=0
5=0 5=1 5=0

15=162 ) States J -- 2 5=0,112 5=0

✓ 1132151 3Poll 31313131315 ) Iso ( t )



So for carbon there are five terms and 15 states .

Which term has the lowest energy ? Use Hund 's rules :

(1) Maximize S
(2) Maximize L

(3) If incomplete shell E
'

z
-filled

, J
-

- IL - Sl (min. )

It incomplete shell > '

z
- filled

, J = Lts Imax)

carbon : ( l ) ⇒ 5=1 ⇒ L=P

(2) doesn't give any new
info

,
since L is fixed

(3) 2p2 is less than half - filled ⇒ J -

- o

so we conclude the ground state term of C is
3
Po .

Another example : Fe
"

= (Ar] 453dB
+2

(it S = 2 12 ) Mma
,
= 2 ⇒ L -- 2

- I

- 2

5
13 ) >

'

z
- filled ⇒ J -- Lts = 4 term is Da

Hund 's rules are , like the Aufbau principle, heuristics and
not rigorous . Briefly they are justified by the following considerations :

# l : we maximize S
'

because the spatial part of the WF is
then "most antisymmetric

"

,
which reduces Coulomb repulsion



.



# 2 : We maximize L because this expands the electron cloud ,
further reducing Coulomb repulsion

# 3 : The Wigner - Eckart theorem says we may replace

Hsu = Ie, 3(rjllj - Sj → AI . 5
Since J -- Its

, we have J ! Ets't25.5 and

H
so
,eff

=

'

z
th (JIJH ) - L (Lt t ) - S(Stl ) )

and thus ELN, L , S,J ) - E(N, L , s,J- t ) = httJ.

• E
'

z
- filled (NI 2*1 ) : no ⇒ J -

- IL-Sl

• >
'

z
- filled IN > 2e H ) : no ⇒ J = Lts

• Magnetic properties of atoms and ions :
To second order in the field II

,
the atomic energies are

DENIED -- En Itt - En lo ) -- Mft Tt . sntht 251ns t- gcm÷ int HIXRIT In >
n' th

←

+ Ming Ha HP §.
" lnlKt2S4h'kn'lLBt2SM#

+ Off,y
En - En '

Filled shells at T -- O : Here we have In > = IG ) (ground
state ) for which IIGS -

- SIG ) = I IG ) = O .



Zi

Thus , DELHI = %L eGlEir; IG ) , since we may
replace lttxrl

'

→ Stir ' . Thus , Xso ⇒ diamagnetism

x -- - E HEI -- - II. catEirik >
Z

We define the mean square ionic radius , sirs = tzlErj4o
i j
-
- I

in which case

X -- - tf Zi Ina: ) (IIIEq÷ = - to-5
The molar susceptibility is

Xmokr ± Naz X = - 7.9×10-7 Zi LIT

partially filled shells : van Vleck paramagnetism
First we consider J -- O , corresponding to the case
of one electron short of a half- filled shell

.

(Atoms : C
,
Si
,
Cr

,
Ge

,
Mo

,
Sn

,
Sm
,
W
,
Pb

,
Pu ) . Then

n TG →

X = - gnmefz.cat#,rj2lG > + znµ , En
' knktt25
-En-EaL

armor diamagnetism ran Vleck paramagnetism
More generally ,

consider J> 0 , which is the rule

except for lil filled shells , and Ciil one electron below

half - filled .
In this case the first term on the RHS



of b En Itt) usually dominates .
We then have the effective

Hamiltonian within the gs term J states :

Hett ' gyu. It . Eth

where g , is the Lander g
- factor

,

gilt , L , s ) = Zz +
ststD-L
2J(Jt l )

which comes from the Wigner- Eckart theorem , viz .

(JLS Jz That251JL SJ
'

z
) = getJLS) CJLSJZIJIJLSJ'z )

The J manifold is 12JH) - fold degenerate when I--O .
At finite It and T, compute the partition function ,

7. = e-
HkBT

=

je
-j VH1host

= sinhHJTHVHKBTIS.int/VH/2krsT)
where V -- gyu, .

The magnetization density is then

M = - Effy = n 8JBIT VHIKBT)

where

Bj txt = It t⇒ ctnhll It¥ ) x) - ¥ ctnh 1×125)

is the Brillouin function .
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susceptibility :

XIH.tt -- IIT -

- nn! BIG rHlkstt
Set H -- O :

XlH -- O
,
T) =

'

z Ig ,µ, 12h JIJI
Kat

which is Curie 's law . Write Xlt) = nµ2Bp43kBT
with p = gu IJIJHT .

Splitting by crystal fields :

• octahedral environment :

• dst
Cg

÷
.

÷:÷÷ .
octahedral
environment
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