. School on Magnetism 2026

Magnetism from atoms to solids

1. Electron level 2. Atom level 3. Solid level
spin and orbital moment many electrons atoms in a solid
in an atom interacting

Dr. Heike Herper

Department of Physics and Astronomy, Uppsala University UP;LA
UNIVERSITET



Outline

T
o Introduction
o Magnetism of an electron
o Many €
~ Magnetism in a solid

o Take home message

ectrons in an atom



Magnetism is a quantum phenomenon

e Bohr-van Leeuwen theorem:

* C(Classical Physics = Equilibrium magnetization is zero

* The dependence on the magnetic field can

be removed by changing the integration variable
=> Consequently, no ferromagnetism, diamagnetism or other magnetic order exist

* Magnetism arises from the interaction of electrons
* Classical dipole picture does not hold

 What counts are the Pauli principle and the Coulomb repulsion between the
electrons = E(11) #E(T)])




What drives magnetism? .
102m 10°m

Applications need tailored
magnetic materials

To understand and develop
such materials

=" We need to go small and
look at electrons and spins...
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Magnetism of the electron - The orbital momentum

|
An electron with velocity v creates a current I and a magnetic moment m t
\%
Angular momentum ] = M XV r Ze
pré
Bohr: Angular momenta are quantized — they are multiples of h = h/2n ‘I\ %
m
Zz-component fz — m;ﬁ with TN = —Z, cony —1, 0, 1, ciny +1
€ €
Magnetic moment IIl = I.A = ——TI XV = —2—1 Circular orbit:
™m
€ & ev
T 27T
z-componentofm TN, = | — — MMMy
A = 7r?
Bohr magneton
evr
Ug = 9.274-102% J/T e m=y




Magnetism of the electron - The orbital momentum

|
An electron with velocity v creates a current I and a magnetic moment m T
\%
Angular momentum 1 = Mer XV r Ze
pré
Bohr: Angular momenta are quantized — they are multiples of h = h/2n ‘I\ %
m
Zz-component fz — m;ﬁ with TN = —Z, cony —1, 0, 1, ciny +1
€ € _
Magnetic moment IIl = I.A — ——TrXVv = ——] Ratio between m and I:
2 2m,
m 1
z-componentofm 1M, = | = —UpmMmy HB

Bohr magneton
g g = 1 for orbital motion

g = 9.274-1024 )T (classical value)




Magnetism of the electron — The spin of the electron
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Stern — Gerlach experiment (1922)

Inhomogeneous

magnetic field Furnace

% Postcard from Gerlach to Bohr, DOI: 10.1063/1.1650229
\ /

\Q“ e Silver atoms are magnetic = measure magnetic moment
~ * The angular momentum of silver atoms is zero
Dbserved\ ‘
Pattern » Classical expectation ==+ homogenous distribution of moments
Classical
Prediction ™

. 1
But only two lines were observed = two quantum numbers: iE

Zero-Field
Pattern

/1)

=+ There must be more than the orbital angular momentum ...

-= Experiment confirmed Bohr’s prediction of the spin
Graphics adapted from https://en.namu.wiki/w/TH E-H E 2S5 %204 A


https://doi.org/10.1063/1.1650229

Magnetism of the electron — The spin of the electron

S, = msh
e
m-=— ——S8
mE

The spin and angular momentum contribute to the total
magnetic moment of the electron

m = —%(14—23)

h/2

-h/2

4 Z m, splitting

1/2

\ s=1/2
2oHgH

/

-1/2

Ratio between m and s:
(2)=4(3)
UB I\n

g = 2 for spin |

Exact: g =2.0023




Magnetism of the electron — the total moment

Spin and orbital moment are not independent!

Total angular momentum J = L+ S

Total magnetic moment

How strong is the coupling between 1 and s?

What influences the strength?




Magnetism of the electron — spin-orbit coupling

Invert the reference system — take the electron’s point of view Ze R o e-
_ Lo . r X dl \
Biot-Savart law dB = I
47 R3 1
I
— rldl o dB=tord o g Aol }fdlz‘“’—“I
d/ here: ¥ 4 R2 4 R2 2R

\__Y__J
2mr
\ Energy of the magnetic field €gso = —mB
dB

Assume: m = lugthan the spin-orbit coupling energy becomes:

..'}

OLT ,

We know already that €SO = — ‘;“"L J:—: eZ4
ap eh T
I:Ze'v mevR =~ h R’”f UB = v

2T R 2m.,
e close e Spin-orbit coupling
Hamiltonian: —
see | part to nuclei HSO /\15 constant A
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Magnetism of the electron — a single electron atom

Time independent Schrodinger equation

h? 0? 2 0 1 e?
— - — — 12 )| - v, =E,7,
({ 2m. (31’*2 * ror  h2r? )] 471'60?")
w1 0 (. 0 1 0?
with 1= 0050 (81“‘939) T sin? 0 82

Solution

\I’n,l,m (T} 91 (rb) — Rni(r).ytml (91 gb)

Laguerre

polynomials
Energy eigenvalues

Principle numbern =1,2,3,..

Angular momentum /=0,1,..,n-1
Magnetic quantum number m = -/,-1+1,...,/
Spins = -, %

B 13.6eV

b, =
n2

n=1

# Energy (eV)

Lo

W
~ U1

——

‘§;v =11.2 eV

— -13.6




Magnetism of the electron — a single electron atom

U im(r,0,0) = Rui(r)Y;™ (0, 9)

1

Yy =4 —

’ 0 47
p- Ylo ~ cos 0 leil ~ = sin 98ii¢

d: V) ~ (cos®0—1) Y~ tsinfcosfet® Y2 ~ £sin? 6 cosfet?

In general: Yém"' ~ R,Jm"‘eiim“‘ﬁ



Summary 1

o Magnetism is a quantum effect — spin is essential to explain magnetic observations
(Stern-Gerlach experiment; gyromagnetic factor)

(&

o The total magnetic moment s given by 1m = —2— (14 2s)
e

o The spin orbit coupling energy is proportional to Z*
=> spin-orbit coupling increasingly important for heavy elements






Atomic magnetism
L = Zl@ M; = Zml@ S = Zsi Mg = sti

J=L4+8S muttiplicity:  |L — S|,|L — S +1|....L+ S —1|,|L + S|

z-component and magnetic quantum number: Jz = ‘?‘!‘Ljh} m; = —J, J — 1, “auy J
PR X denotes L-quantum number according to
Different J-states are called 2541 q &
XJ X=S,P,D,FG,..
for L=0,1,2,3,4,..
€ e LB
Total magnetic moment: 1Ml j — — — L + gS — —gJ—J — —gjg—F
2m., ( ) 2m, h

S(S+1)—L(L+1)
2J(J +1)

3
Landé-factor: gJg = 5 ~+



orbitals Singly
before pairing up.

Electrons with
the same spin
prefer to occupy
separate orbitals
(maximize
their space).

I
!

Only after all
orbitals are
singly occupied
do electrons
pair up (and
then they can
share).

can chill

=2 : +oge+her!




Atomic magnetism — How to fill t

he orbitals

1. Maximise S for the given configuration of orbitals

2. Maximise L consistent with S

Hund’s rules: 3. Minimise spin-orbit energy and couple S and L such that:

L-S
L+S<

(if the shell is less than half filled
if the shell is more than half filled

0

Jf the shell is half filled

Example 1 Fe?*jon = 1s? 2s? 2p® 3s? 3p® 3d

d-orbitals T T 10 111
!
1, values -2 -1 0 1 2

6%2

Maximise S:

N S=4/2=2

Maximise L: ) J=4



Atomic magnetism

Example 1 Fe?*ion = [Ar] 3/66452

d-orbitals Ty 1y 1) 111
!
1, values 2 -1 0 1 2
Example 2:

Sm3*ion = [Xe]4f5/6{2;61

forbitals | + | 1+ | 1| 1

[,values .3 2 -1 0O

S=4/2=2

> L=2 |:>5D4
J=4
S=5/2

> L =5 = °H;),
J=5/2

Maximize S
Maximize L
L-S filling<1/2
J= L+S§S filling>1/2
0 1/2 filled

Try yourself:

Fe3* $=5/2,L=0,1=5/2; %S
2+

CO™ o3 1=30-9/2, %, ,

Nd 3+

S=3/2, L=6,1=6/2, 71y,




Extra slide Gd3+ion:>[Xe]4f7§é}5<{1 forbitals | ¢+ 1 ¢t 11t (1T |[1T]1

H PubChem He 3 -2 -1 0 1 2 3

P 1 Atomic Number 2

3 4 H S b I 5 6 7 8 9 10

Li Be ymboo B C N O F Ne

ot | o Hydrogen Name — — e B ey .

1 12 Nonmetal Chemical Group Block 13 14 15 16 17 18 — ? L — ? J — ‘) : — ?
Na Mg Al Si P S Cl Ar S=2?,L=7,]=7, notation = :
el = el | [ s e e

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc ,iilsl,i:‘,TMm‘ Ge'::r:l:‘i:m /:r::‘::: Ss:ne:::“ B:::v;lr:e I:::::r:

37 38 39 40 a1 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe

pe (0 T (T (e (e (st (R [fes || e | o [ e || e | —— N i | et o i S -_— 7 / 2 ~N

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 -

Cs Ba - Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn

Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

87 88 104 105 106 107‘ 108 109 110 eeeeeeee 1 11 112 13 14 1ol 116 1;7 1b108 L O I > 8S 7 /2
Fr Ra - Rf Db Sg Bh Hs Mt Ds Rg Ch Nh FI Mc Lv Ts Og >

| e e B B B B e e N Bl .o v | e st || [reentimsn]| o || e
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu J= 7/2
sy’ (el | e - retil]| | o || S| e | Tmn | e | e || e
89 920 )] 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa U Np Pu AmMCm Bk Cf Es Fm Md No Lr

Actinium Thorium Protactinium Uranium Neptunium Plutonium  Americium  Curiu Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
Actinide Actinide o Actinide

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

The full information about multiples for ions from the d and f shell can be found in Ashcroft & Mermin, Solid State Physics



Atomic magnetism

Transition metal ions - 3d shell

4 | I I | l | | l |

i L 3d" ions -
s

3+ sa —
" i i
g2r N
1_ —
_ | I I | I | | | \
O%J 1 2 3 4 5 6 7 8 9 ‘ﬁ

Number of d electrons

Most free atoms carry a magnetic moment

e - ]
8 B L 4f ions
S

Rare earths ions — 4f shell




Many electrons in a free atom — atomic magnetism

1 . 2
What happens to the W s Pub(Clhem He

angular momenta L Li Be H Symbol B C N O F Ne

ithiu erylliut oron arbon itrogen xygen i
............................. Hydrogen Name

i n a n exte rn a I fi e I d ? 1 12 Nonmetal Chemical Group Block 13 14 15 16 17 18
Na Mg Al Si P S Cl| Ar
| e P e i i o i
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
. K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
I m pa Ct Of LS_CO u pI I ng O n Po!a.ssium f:alcium Sca.r.|dium Tit.a.nium i i Cl o i !r.on C.o.balt N.if:kel Cc:)?)per .Z.inc -Gallitvjm Germanium Arsenic Selenium Bromine Krypton
I I ? 37 38 39 40 a1 42 43 44 45 46 47 48 49 50 51 52 53 54
energy leveils: Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium Niobium i i Rhodium Palladium Silver Cadmium ,TI,:,:?::MEH, p.,s,,m:: ‘‘‘‘‘‘‘ A:::‘,::y TheAleT:‘rll:T L:,(ii;: Xenon
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Cesium Barium Haf m Tantalum Tungst: Rhenium Osmium Iridium Platinum Gold Mercun y Thallium Lead Bismuth P Iunll:'n AH:“’;E" Rad
87 88 104 105 106 107 108 109 110 11 12 113 114 115 116 117 118
Fr Ra -~ Rf Db Sg Bh Hs Mt Ds Rg Ch Nh FI Mc Lv Ts Og
Pl Mol Coetl| Sl ChLel| MoienBll| Mol Tl ol SPaieealll MR . . e | <CEE
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Every electron counts | ta Ce| Fr Nd|Pm Sm Eu &d Tb| Dy Ho) Er Tm Yb Lu

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

89 20 91 92 93 94 95 96 97 98 99 100 101 102 103

=> [ degeneracy lifted -Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Actinium Thorium Protactinium Uranium Neptunium = Plutoniul Americium uriul Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrenci ium

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



Many electrons in a free atom — LS coupling

Example: Sm3* 4f> LS splitting
6
H15/2
/_
RS
7 °
/, )
4f> ’
7 °
(\
\\\\\
~
. \ \\\ H7/2
15t excited state \\
\
\
\
\
\
\
\
\\ 6

H5/2

\
Ground state e ——————

LS =

Spin-orbit coupling
Hso = ALS

/A spin-orbit coupling constant

A

A==+35

1
S —L? - 8%

%Z(J(J+ 1) — L(L+1)—S8(S+1))



Extra slide

Example: Sm3* 4f> LS splitting
6
H15/2
,—
RS
7 °
/, )
4f> ’
7 °
(\
\\\\\
~
. \ \\\ H7/2
15t excited state \\
\
\
\
\
\
\
\
\\ 6
v °Hsp
Ground state O ——————

mgj

— =p; =gV (J(J +1)
UB

Experiment*: 4 = p,,, = 1.74

pJ = 3.32 Too blg

For Sm3* the energy
difference between
ground state and 1%t
excited state is small.
=> Both are partially
occupied.

p,=0.85 Too small

*Measured at paramagnetic salts



Many electrons in a free atom — Zeeman effect

with My = —ﬁ (L + QS) = —4qJ ﬁ-j and J, = Mjsh and UB = QET:E
Change in energy due to applied magnetic field £E=-mB, for B | | z we get
Zeeman energy Degeneracy of J lifted
Bz = g9,52J.B. = usM;B. My=J
25+1 L, 1 QJH'BBE

with MJ — —J! —J -+ 1, ...}J




Many electrons in a free atom

Example: Sm3* 4f>

/,,
af° S
¥ 4
(\
W VS
\
\
\

Ground state

LS splitting

6
His)

Zeeman splitting




1on shell | S L J | term | p S Pexp *
La’t | 4/ [0 0 0| S, 0 0
Ce®* | 4ft |2 3 2| 2F52 | 254 | 251
Pr3t | 472 |1 5 4| 3H, | 3.58 | 3.56
Nd**t | 4f% |3 6 3 | ‘Lo | 3.62 | 3.3-3.7
Pm3t | 4f* |2 6 4 >4 2.68 -
SIIIEH_ —lf5 % 5 % 6]5/2 .85 1.74
Eu*t | 4% |3 3 0| 7F, 0.0 3.4
Gd* | 4f7 | £ 0 I | 8S;p | 794 | 7.98
Th3*+ | 4% |3 3 6| "F; | 9.72 | 9.77
Dyt | 4f? | 2 5 3 | ®Hysp | 10.63 | 10.63
Ho*t | 4f1° |2 6 8 o 10.6 | 10.4
Er¥t | 4f1 13 6 | 45, | 9.59 9.5

Tm3t | 4f2 |1 5 6| *Hg | 757 | 7.61
Yb* | 4f | 2 3 I | 2Frp | 4.53 4.5
Ludt [4f% 10 0 0] 1S, 0 0

Many electrons in a free atom - magnetic moment of 4f ions

p;=gsVJ(J +1)

* Hund’s 3" rule correctly
predicts the magnetic moment

e Jisagood quantum number

* Deviation for Sm3*and Eu3*

—> LS coupling is small

—> Higher multiplets are
partially occupied
dependingonBand T

* From paramagnetic salts, kg T >> crystal field

(Table taken from: L. Paolasini, Lectures on Magnetism, ESRF)



Many electrons in a free atom - magnetic moment of 3d ions

ons shell | S L J | term | Ps | Pexp | Ps
TEH, VA [ 3d8 |2 2 5 [2D3 [ 155 ] 1.70 | 1.73
Vit 32 |1 3 2| %F, | 1631261283
Cr¥t, V2 | 3¢® | 2 3 3| %F3, | 0.77 | 3.85 | 3.87
Mn?t, Cr2+ | 3d* |2 2 0| °Dyg 0 | 4.82 | 4.90
Fe3t, Mn*t | 3d° | 2 0 2| %S5 | 592 |5.82]5.92
Fe?t 3 |2 2 4| °Dy | 6.70 | 5.36 | 4.90
Co2t 3dT |33 5| 4Fy | 6.63 | 4.90 | 3.87
Ni2t 38 |1 3 4| ®F, |559]3.12| 2.83
Cu?* 3d° |+ 2 2| 2Dsp | 355 1.83 | 1.73
Zn%t 31 |0 0 0] 1S, 0 0 0

Why is this different from 4f ion behaviour?

ps=gsVJI(J +1)

pPs = 95\/S(S+ 1)

e Hund’s 3 rule fails

* The paramagnetic moment
does not agree with experiment

 Orbital moment is quenched

 Sisagoodquantum number

(Table taken from: L. Paolasini, Lectures on Magnetism, ESRF)



Many electrons in a free atom — paramagnetism (of localized moments)

Apply a homogeneous magnetic field to an ensemble of N atoms — how does this change the magnetisation?

oOF

The total magnetization is the change of the free energy with the magnetic field M= ——

0B

N
with ' = —kpT'InZ and = "]:’1‘5_5?{ and H = ZgﬁBmJiB

2 Sum over atoms

—BgusB(2J+1)

N
7 =Tre PH = H E o—BgusBm; _ HE_ﬁQﬁEBJl _15 ——
. — €

T m;——

eBansB(J+3) _ o—BausB(J+3)
F = —kBT InZ = —k’bTN In

eBopsB3 _ o—BgupB3



Many electrons in a free atom — paramagnetism (of localized moments)

eBansB(J+35) _ o—BgusB(J+3)
F = —kBT InZ = —k‘bTN In

eBousB5 _ o—BgupB3

Finally, the magnetization becomes:

OF 1 1 1 1
M = 3B Ngug ((J + 5) coth (,ngBB (J + 5)) —5 coth (Egp,BB))

= NgusJB,;(BgusBJ)

Brillouin function Bj(x) = s+ 7 (cmth (QJ il 1;1:)) _ 1 coth (izﬂ)

2.J 2.J
z = pgusBJ



Many electrons in a free atom — paramagnetism (of localized moments)

- 27 +1 27 + 1 1 1
Brillouin function By(x) = 5] (Cﬂth( ¥ fﬂ)) ~ 57 coth (QJ ) T = ﬁgﬁBBJ

Limit of large fields B or very low T:

Saturation magnetisation M — NgugJ

Maximal value, all magnetic moments aligned with B

x
Limit of small fields Borvery highT: By = (1 + ) 3

oAl
M~N 3kpT SkBT

_ 3_M‘ N(gps)*J(J+1)1 _
X= 9B 50~ 3kn T

¢
T

Curie law



Many electrons in an atom - Hamiltonian

To include the quantum effect of exchange in the Hamiltonian Fock extended the Harterr model:

F Py, (X) = €Lk (X) Fock operator F

( N\
| Coulomb potentlal
Fip(x) = §V2 Z - + Z/da: [ (x \2 } k(X) Hartree equation

\L J
3

- Z/daz'zﬁ(x’ (x") e (x) Exchange term

=1

\_ W,

o Ensures antisymmetry
o Non-local term

. o Angular momentum / no longer degenerated
Notation:e=f=1



Two electrons to start with...

* Hamiltonian for a system with 2 electrons ( e.g. He atom) Q
2 2 2 2 2
A D Ze D Ze €
H= "L _-—42_—""4
2m 7 2m 19 Ir; —ro|
\ )\ )\ J
Y Y Y
H, H, e-e--interaction

Without the e-e interaction

W(ry, s1;r9,82) = —¥(ry, s;r1,81) = ¢(r1,r2)X (81, $2)
1 1
Possible spin configurations x(s1,82) = [11), [ L), \/—§(| ) +11M), EU ™) = 11M)
Triplet (S=1) Singlet (S=0)
symmetric antisymmetric

2s+1 degenerted

Which one is the ground state?



Many electrons in an atom - Hamiltonian Aufbau principle

Ground state He: =0 I=1 |=2 I1=3
Both electrons occupy the same spatial orbital n=1 1s
n=2 25

@ n=3 3s 3p 3d

Exchange antisymmetric

5s W or P> o

_ n=5
Singlet state
n=6 65 Y o’
n=171 7s p
Aufbau rules: ? n=8 8s

* Shell with smaller (n+1) fill first
* Same (n+]) of two shells = the one with lower n fills first @GeeksforGeeks



Two electrons to start with...

Spin singlet wave function Q
1

v = E [qbnlm(rl)Xl,crqbn’l’m’(r2)X2,cr" — Ql)nlm(r?)xlggb”’l’m’(rl)XLJI]

¢, = one electron wave function
Behaves like hydrogen-like atom with Z =2

E,= E,=—-7°"136eV=>E; + E,=-1088¢eV =& Experiment: =79 eV

Electron-Electron interaction (from 1st order perturbation theory):

2
]/|§bnlm|2 8 |¢’n’l’m’|2 //qbnimqbﬂ "' © ¢) iom @bnim
r2) r1— 1o

Coulomb interaction Exchange interaction No classical counterpart
(Werner Heisenberg and Paul Dirac, 1926)

Coulomb corrected ground state: E, +E,+J=-74.8¢eV



Two electrons to start with...

The energy shift due to the electron-electron interaction becomes E,=V+J Q

+ for singlet and — for triplet state

Excitation of 1 electron to the n=2 level jr— D
/
4 3
_
,I, P30
/4 1S inglet
U singie
,l ,/ @ 2J 0 g
/’,’, 39 triplet
(1s,2s), (1s,2p) 0 I _ .
—eee /2 With perturbation,

No perturbation [ degeneracy lifted

(18)2 ’,z’_ IS,  Singlet,

—— No triplet possible

e Splitting of energy levels by different interactions into L=0 and L=1
e Further splitting through exchange interaction into singlet and triplet



Many electrons in an atom

e Hund’s rules — how to fill orbitals

e Pauli principle
=>Two electrons in the same orbital
must have antiparallel spins!

 Degeneracy of the angular
momentum is lifted due to

= External fields (Zeeman)
= |S-coupling
= Exchange splitting

e Note: H independent of spin but
H + Pauli principle
= spin-dependent energy

n| | m, #
1s | 1]0 0 L2
25| 2|0 0 L2
2p| 2|1 110 |+1 L |6
35| 3]0 0 L2
3p| 3|1 110 |+1 L |6
3d | 3| 2 21|10 [+1|+2 ! |10
45 | 4|0 0 L2
4p | 4| 1 110 |+1 L |6
4d | 4 | 2 21|10 [+1|+2 | |10
4f 1413 |-3|-2|-1]0 |+1|+2]|+3 | |14

T=+1/2,1=-1/2




re ic periodic tabl He
H Magnetic periodic table He
1.00 4.00
, T
, Atomic Mumber — 66D «— Atomi
Y 4 tomic s:.rmbnl 'y Ry s Y - Ty *\.>—‘{
3 Li T4 Be 162.5 =—— Atomic weight 5 B 6 C 7 N 8 0O 9 F IUNE
6.94 9.01 Typical ionic change —1it 10.81 12.01 14.01 16.00 1900 | 2018
1+2s9 | 2+ 250 Antiferromagnetic Ty(K) — —= Ferromagnetic T~(K)
> < ; < & <> <> * <
'Na IZMg I3A1 1'4Si Is5p l6g 171 ['8Ar
299 | 2421 2698 | 2809 | 3097 |3207 3545 | 39.95
1+3s9 | 2+3° I+t
> > > oo << <4
(19K J2°Ca [¢'se [2Ti BV ) 307 'Ga 32Ge [33As [*‘Se [*Br [*¢Kr
3821 | 4008 | 4496 | 4788 50.94 5585 5893 58.69 6539 |s972 | 72861 7492 | 7896 7990 | B3.80
| + 45" 2+ 45° I+3° | 4+38° 3+ 34 3I+38  2+3d8  2+3g 2+34' |3+340
T T T 4
(37Rb 1?%Sr PP%Y YZr (*'Nb “cd In F%Sn F'sb 2Te 531 54X e
8547 | 8762 | 889l 9122 | 9291 112.4 1148 17 | 1218 127.6 | 1269 83.80
I +55% |2+55° |2+4d% |4+4d" |5+48° 24440 |3+440 |4+ 4g'0
L A S N P o L o o J,—
5Cs [*#Ba [La [2Hf [*Ta | 0Hg 18'T1 [®2Pb |®Bi
1329 | 1373 1389 | 1785 180.9 L 2006 | 2044 | 2072 | 2090
| + és? 2 + 850 I+ 40 4+58" | 5+548 |6+58 |4+548 3+ 54 4+54° | 2+54° | +54'" | 2+54'" | 3+547 | 4+540
LN LN LN . e
B7Fr T3%Ra [®°Ac
223 260 | 2270
(©Nd | f2sm BEu (<N Tb Dy [¥Ho [**Er [*Tm]|°Yb ["'Lu
140.1 140.9 1442 I 150.4 152.0 157.3 1589 |1s2s 164.9 167.3 168.9 173.0 175.0
_. 4 + 40 3+ 47 L3+4FJ L3+4F 2+4f 3+ 4f i+4 3+ 3+ 40 3 +4f13 3 + 4f14
A 2 v, \ 'h h m \ Y
Th 'Pa [2U [*Np [¥Pu [RAm[*Cm]XBk [RCf [XEs 2No [®RLr
- | 2320 1310 | 2380 2380 2 g 250
s 4+ 5 S5+50 | 4+5/ 5+ 57
https://www.tcd.ie/physics/r

esearch/groups/

magnetism/facts/magnetic- (] Nenmel

) Mea
Radicactive

periodic-table/

[: Diamagnet
() Paramagner
Magnetic atom

@ Ferromagnet T, > 290K
E Antiferromagnet with T, > 290K

S Antiferromagnet/Ferromagnet with T /T, < 290 K



https://www.tcd.ie/physics/research/groups/
https://www.tcd.ie/physics/research/groups/




“More is different”

Macroscopic samples: Large numbers of electrons and ions ( =10%/)

=> Collective effects generate new phenomena



Magnetism in a solid — What change compared to the atom?

Exchange interaction Spinwaves Magnetocrystalline anisotropy
Beyond classical dipoles /‘//“‘l\\ T
Y\ > o—oo
Y 2N 7
1\ \ \
\? 0.75
77
= 0.54
Magnons - Quantised Spinwaves 025‘

T =300K]|
400 - S. V. Halilov et al 1997 EPL39 91 |
| \/\ I % 50 100 150 200 250 300 350
S \ H (kOe)
> 300 - ]
(]
E | !
b>ﬂ200— . .
5
Lﬁ L
Heisenberg model 100 |-
H — _2 : :JzJS’LS] [ H N B P N

> To be discussed in the following lectures



What do we do today in this lecture?

* Band structure and density of states
* 4f vs 3d magnetism

e Crystal field effects



Magnetism in a solid

Band formation /-\ "

aO Qa\

O @ 29 o o 9 - ¢
. - \ @ o /
O Solid : [solated atom | o g @
H c 0 °
L '\\-:-,‘_‘__C\_.::”»'to; «0 g
FeNi L1, (tetragonal)* e atorm 2

Transition metals:
e d-shellis partly filled
e electrons are mobile

(weakly bonded) o Interatomic distance
e Collective phenomena

* Exchange interactions occur (=>next lecture)

ro= equilibrium distance

(* Generated with VESTA, https://jp-minerals.org/vesta/en/)



Band structure and periodic potential Magnetism dictates periodicity

Periodic potential:

e a V@) =VE+R) =) Ve
G

Periodic boundary conditions
w(xla X2, 333) — ¢(331 + L7 X2, 583) } Vo

2T Ny .

\\

—

ry k =vector in reciprocal space
V= Fourier coefficients of the potential

1
Schrédinger equation non-interacting electrons (1 electron) (—§V2 =+ V(I‘)> ¢(I‘) = E@D(I')

_ i1kr
Wave functions: ¢(I‘) — E :Cke (**) Fourier series, generalization of free particle solution

Substituting (*) and (**) in SEQ ‘ Z { ( ) Cr + Z Vacer— G} =0



Band structure and periodic potential

Periodic potential:

V(r) = V(e +R) = Y Vge'™

G
AFM
Spin-down
Spin-up
fcc structure with 2 sublattices, Smallest possible unit, 2-atom primitive cell does
space group 225, e.g. SmN, NiO primitive cell, not work

orthorhombic cell

Magnetism alters lattice periodicity — size of primitive cell
(Often neglected fact in (ab initio) databases!
Structures made by VESTA



Band structure and periodic potential

P(r) = Z e e’ Lattice periodic
1 k function Uy(T) Bloch theorem
5l = Y eyt = e D) = e*ug ()
G with  ug(r) = ug(r + T)

T = Bravais lattice vector



Band structure and periodic potential

Free electron case

Energy

-3m/a

Band 2

Bar§d 3

Band 2

2n/a

-ﬁfa

0

15t BZ

n/a

2n/a

3n/a

Inserting 1 and V(r) to Schrédinger equation:

1
{<2k2E) Ck + Ck;(;} =0
G

2.

k

Coupled equationsonly if k’=k+ G
k runs over 15t Brillouin zone

Energy

-3n/a

2n/a

-n/a

xla  2n/a  3n/a

Reduced
/one
scheme



Band structure and periodic potential

_ k
Y(r) = Z cre™ Lattice periodic
l g function Uy (1) Bloch theorem
wk(r) — ZCk—Gez(k—G)r _ ezk ¢k (r) — e’l I",urk (r)
G with ’u,k(r) = UL (I‘ + T)
Consequences:

1) All wave vectors can be folded back to the 15t BZ calculations can be restricted to the 15t BZ
2) Formation of energy bands, BZ has a fixed volume - band index n
3) Bloch function Y ,(r); each value of k and n defines an orbital with energy E, (k)



Band structure and periodic potential

Free electrons

Energy

i
I

Energy

(k||G)

2.

k

1
{(51’02 — E) Cr + ;Vgck(;} =0

Switch on the potential assuming
V << |E%K)-E%(k-G)|

Perturbation theory

E(k) = E°(k)+ 3.6 (V)7 [E(K)-E%(k-G)|

Switch on the potential assuming
V > [EYKk)-EAk-G)|

Solving the Schrédinger equation
leads to a quadratic equation

(E°K) - E)( E%(k-G) - E) [V =0



Density of states Example: fcc Cu, (nonmagnetic)

Band structure Density of states

10.0 T
N VERV/ 6 :
5.0 4 ]
— } i
> 25 3 2 i
— /\ 2 |
0.0 v S0 >_
| @ i
W —Zikﬁéé 3 -2 -
—5.0] ’/\ - -4 :
_7,5\/ /—\ ) :

~10.0 |

L r X K r -6 -4 -2 0

Wave Vector E=E_(eV

Density of states (DOS) Fermi level:

1 Er
pB) = 0B -Ea) [ dEp(E) -




Density of states —bcc Fe bce Fe, NM and spin-polarized, FM

o - NM. Ty
! P 4. . ]
S 5 —s A 4 .Spln up
w ™ { ] N —
O by e/ 1
& 2 - : _1‘ E
_ - Spin-up
B |\/Is =0 Hs 1 wr
| 1 1 1 JLI 1 I
4 2 0 2
E-E, (eV) w
ol — d J‘ FM.
£ | i |
E .,f'/ﬂ"\_!l .i'\...x : )
g n-ﬁ;—:—-ﬁ_——%— r H N P [ N
@ | B .4 4 Wave Vector
(=] \"*ﬁ. I.'I
I|;I .. . .
2f M, =2.2 g |1 1 Exchange splitting : Relative shift of DOS({}) vs. DOS(1T)
1 -14 1 -12‘ 1 6 1 é

E-E, (eV) Magnetic moment M, ~ (n({) — n(d))



Magnetism 3d versus 4f atoms . 0:36 nm

3d ions
3d shell is the outer shell

4f ions
4f shell in buried below
higher shells

Magnetism of 4f ions is
preserved even is solids
4f electrons are localized

3d ions are delocalized and
magnetism depends on

~02lnm
. 025nm | ) ' / b, >d
4f
3d, 4s
\A [ )

>
@ A A
§0.5 - Cobalt 0.5F Gadolinium
% 0.4 :'"‘SP 0.4 A4f
o P 5s
g. 031 51 Interatomic 0.3r » Interatomic

, . - i
T_g 0.2 distance distance
c 0.1 ~4s 5P } _6s
5 - N
-g 0 : | T, ]
L 0 0.1 0.2 0.2

Radius, r (nm)

surrounding



Electron interactions
Present ir_1 an atom

' N
H=Ho+Hso +Hs+Hz

Coulomb Spin-orbit Crystal-field Zeeman

IL,S)  Hso = ALS gupBJ
fﬁu(?“) Ver d°r

Not existing for
a single atom

Interaction of the electronic density with the potential created by the other ions



Electron interactions

Energy (K) |
3d | af
Hund’s rules, interatomic

10° correlation

10%

103

102

101

100 H Z (Happ}ied - IT)

(Interactions in K, 1K =1.380649 10%3))



Crystal field

Crystal field Hamiltonian Hee = /PU(’*")V{:f(T‘)dST

with Ve (r) =/p(rf)d3’r"

4meg

Potential created by the charge distribution of the crystal

dzy = —=(¥? — U™?) = R(r) sin” fsin(2
v = 75 ) = R(r) (2¢)
The eigenstates are different _ o o _ 10 cos 0 si
from the undisturbed potential Ay \/5(11, ¥™) = R(r)sinfcosfsing
_ o d,. =0’ = R(r)(3cos?§ — 1)
= Use linear combinations 1
of the unperturbed dyy = — (UL + 071 = R(r) sin? 0 sin(2¢)
wavefunctions V2
1
dy2_,2 = —=(U? + ¥™?) = R(r)sin” § cos(2¢)

=> Example d orbitals Ty

V2



Crystal field
s,

Angular momentum z- component Lz = —th—

0¢
vy 2m
Expectation value (Lz> — /U /U q,*(qu 9) (_?’hib) q,(qu Q)d(’?dqﬁ?

(Lz > Vanishes for eigenfunctions of H

T 21 . —h3 . .
Example: dzy = R(T) sin2 @ sin(2¢) (L,) = R(?”)/O /0 sin” 0 sin(2¢) ;gb sin 0 sin(2¢)dpdo
. . T 2m
(r-integral skipped) _ i2hR('r)/ / sin? 0 sin(2¢) cos(2¢)dpdd
0 0

1 27
= iihR('r) / sin” df(sin*(2¢)) |5 df
Angular momentum of e, 0
states is fully quenched

=> Orbital moment quenched for 3d systems!



octahedral Crystal field tetrahedral

Z (cubic systems)

Made with JSmol, http://wwwchem.uwimona.edu.jm/courses/CFT_Orbs.html



* The stronger the overlap with the neighbouring orbitals,
the stronger is the electrostatic repulsion = The higher the shift upwards in energy

* Octahedral splitting is larger = A,=4/9 A,



Crystal field vs spin-orbit coupling

Crystal field is small: A,. << ALS = Hund’s rules apply
Crystal field large: A,.>>ALS = Only lowest energy level s occupied

High spin state Low spin state
S=0

S=2
, | e
/ Ill g
| | :

I N NS S s !

Fe2+3d°® "¢ $ ﬂt Fe2+3d°®
28

* Jahn-Teller effect
* Verwey transition in Fe;0,- Magnetite




Take home message — magnetism in solids

The presence of other atoms changes all

Collective phenomena possible due to delocalised atoms

—
]
T

a0
T

Bandstructure and density of states
e Spin-polarization shifts bands and DOS Exchange splitting

DOS (sts.feV)

B
T

Significant difference between 3d and 4f magnetism . L
* Atomic magnetism (almost) conserved for 4f systems ;m: T Codt S 2
(there are exceptions) S i

* Magnetism in 3d systems driven by crystal field effects : Al PRREN "-E

e CFand LS are competing interactions







Further reading

Fundamentals, broad overview:

J. M. D. Coey, Magnetism and Magnetic Materials, Cambridge University Press (2009)

Theory of magnetism:

J. Kibler, Theory of Itinerant Electron Magnetism, Oxford, International Series
of Monographs on Physics (2009)

Copyright and software used for graphics

All graphs marked by *were generated using VESTA https://jp-minerals.org/vesta/en/
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