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Diamagnetism (classical)

: : : V
* Arises from Lentz’s law: when magnetic flux changes in a [ =

circuit, a current is induced which opposes the change of flux C@b

Orbiting electron creates magnetic dipole (circulating

current) charge » 1 , B=14,H
| =—>=q— u=1A==qoR
period 27 2 ! B,
 In magnetic field, Lorentz’s force is added to centrifugal
force ° 5 ; ‘/V
Mo’R = F - @R, H
wu,H
« And corresponding change of rotational frequency 0’ — > = _M
m
H
« If change in orbital motion is small (@ = @) Aw = —qg—om
qhu,H
« The energy associated with this frequency is AE =nAw = - 2n01 = — g Mo H
Bohr magneton |, = % =9.274.10* {%} = A-m?
» The change in frequency can be associated with induced 2R2
magnetic dipole moment: o =— 9 ,UoH
4dm
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Diamagnetism (classical) contd.

« Small magnetic field-induced magnetic dipole moment:

* Now we can apply the result to spherical closed-shell atom

« Averaging over 3D gives mean square radial distance

 Sum over all Z electrons in the atom

« Sum over all atoms in a unit volume, density N, to obtain

magnetization

 Finally susceptibility

 All atoms and ions display diamagnetic response

« Almost independent of temperature

« Molar susceptibility is often
used to describe magnetism of
atoms (should be multiplied by
molar volume to obtain
dimensionless susceptibility)

lon

E-
Cl-
Br-
I-

M =—

q°ZN
6m

1H (R?)

Larmor or Langevin diamagnetic
susceptibility

Molar susceptibilities of some atoms and ions (x10-6 cm3/mole)
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From Burns, 1990
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Paramagnetism

« Contrary to diamagnetism, paramagnetism arises
from non-zero magnetic moments:

N . = 2.0023
« Free electron (Pauli) spin paramagnetism
« Langevin atomic paramagnetism / / )
« An electron has an intrinsic magnetic dipole moment . q z
associated with its spin S, equal to Bohr magneton: H=—0, — S
‘o 2m J
q —24 2
=——=0274-10" { == A-m
5 = om {T}

* We can expect that the magnetic dipoles will rotate
towards low-energy state (U = from —z- B to +4- B)

» The fraction of electrons with magnetic moments
parallel to magnetic field exceeds the anti-parallel
fraction by Mgt H

KT
* For n free electrons, the magnetization
* But we need to take band structure into account !

ForB=1T (H=8x10°A/m)
U=yB=58 1V — 0.67K

Field alignment is weak !

g o H

M=t =) T
B
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Paramagnetism of free spins

Mg o H
. At M ~nu, ———
Magnetization kT

is ~100 times higher than observed in real materials

Energy vs. In a magnetic field In equilibrium
density of states beforreeotrfi]gnsipms
* In a band only a “thermal” g :
fraction of electrons m=t1/2 m1/2

contributes to
paramagnetism (compare

to transport) kT
~E F

« Magnetization is M ~ ngg

 Similar to transport, more accurate averaging
over the distribution function gives susceptibility

- Forexample, forNa  y =—-8.4-10°

X

:3ﬂo Nt
2 kT

From Burns, 1990
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Langevin atomic paramagnetism p

« Similar to free spins, if an atom has a magnetic

moment A , it can align along the magnetic field
« Magnetization of a material with atomic density N is
(averaging included) 1 Mo Lo H
M == Ny ———
3 KT
2
. . M N £i _ C| Curie law for paramagnetics
And susceptibility | 7 = 3 kgT X = T | With Curie constant
o N 2o b
« Atom with orbital, spin and total angular momenta, C=
L,S, and J = L+S , will have magnetic moment 3K
Herr = 0 Mg [: /UB<L+ZS>]
2 2 2 —
With Lindé g-factor g, =14+ > +> L =2.0023

L 2J°
« Complications

« Quantum mechanical averaging of m,
* lons

» Quenching of orbital momentum in the crystal field

(Stark splitting of 2L+1 degeneracy ) NNSE 508 EM Lecture #12



Atomic paramagnetism - Quantum theory

« Quantum mechanical averaging over (2J+1)

projections M sat
+J 9yxgMy B /
ZgJ/JBmJe a
M = N = +J gyugm;B = NgJ/UB‘JBJ y EB,J y
Ze kgT

« With Brillouin function:

B,(y) = 2‘;;1coth(2‘] 1 yj—%coth (Lj

B
with y = ‘;ffT _ ngf‘BTJB
B B

* If magnetic energy is small compared to thermal
energy, y << 1, Brillouin function gives

/Llo N/Llesz
3 KT

* This results in classic susceptibility| ¥ =

B,(y<<D~

Magnetic moment vs. H/T
7.00 TTTTTTTT] |
" S = 7/2(Gd**+) |
6.00 | -
] S = 5/2(Fe’+) ]
=
2 i
> 4.00| -
2 L |
S = 3/2(Cr3t
= 300k /AT
2.00 1.30°K 4
a 2.00°K i
x 3.00"K
1.00 ° 4.21°K .
— Brillouin funct.
Ll ittt r ittt e s alrarra
0.009 10 20 30 40
H/T in Oe ‘K ~!
y J+1
3J

with quantum averaged 145 = 0, ig °J (J+1)
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Magnetic moments of ions

Values of magnetic moments of 4f and 3d ions in

Ground states of ions predicted by Hund’s rules ’ :
Insulating compounds

f-shell (¢ = 3) 281 Fer/ BB Hefs/ 1p
n m=3,210-1,-2-3 S L=|Sm,|J I Ion af" State (Calc.) (Exp.)
La3+ 4£0 ‘SO 0 0
0 0 0 0 'S, 0 [La Ce3+ 4f1 2Fs 2.54 2.4
2 4 4 1 5 4 H, 4/5 P+ 1y 3 A
R 3/2 6 9/2 %y, 8/11 Nd3* Nd 4f Iy/2 3.62 3.5
4 4 b b 2 6 4 S, 3/5 Pm3+ Pm3+ 454 31, 2.68 -
oo M 2/2 ; 3/2 :?szz 2/1 Fé'“:: Sm3+ 4f5 6H, /, 0.84 1.5
- u 7
7 b bbb bbb 72 0 12 %, 2 G+ Eu’+ 416 aFo 0 3.4
8 # t 4ttt 4+t 3 3 6 TF, 3/2 Tb* Gd3+ 4f7 S7/2 7.94 8.0
9 #H Ht bt t 52 5 ;5/2 f;H,m 4;3 gg?;: Tb3+ 418 F 9.72 9.5
10 4 ¥ttt bt 2 6 I 5 o 34 9 6
11 W #Hwt tt 3/2 6 16/2 *1, 6/5 Er3+ Dy af His/z 10.63 10.6
15/2 3+ 10 5
12 Mt 1 s 6  S3H, 1/6 Tmd* Ho 4f Iy 10.60 10.4
13 # Huunnr 12 3 72 W, 87 Yb3+ Er3+ 4f1l M52 9.59 9.5
14 4 e o 0 0 S, 0  Lud* Tm3+ 412 3H, 757 73
Yb3+ 4113 2F, 4.54 4.5
d-shell (£ = 2) Beir/ 1B Meit/BB  Mert/ BB
n m=21, 0, -1,=2, S L=|Zm,| J Ion 3d" State (Calc.-J) (Calc.-J=S) (Exp.)
Ti3+, v4+ 34! 2D, 5 1.55 1.73 1.8
! : ‘ 1/2 § 2/2 jgm Iji;: V3+ 3d2 3F, 1.63 2.83 2.8
1 2 3+ 2+ 3 4
2 0 Y2 3 a2 L, coe Crt, V2t 347 F3p 077 3.87 3.8
S 4 4 4 4 4 5/2 0 5/2 %S, Fel*Mn2+ Fe3+, Mn2+  3d° 6Ss /5 5.92 5.92 5.9
6 # + t t + 2 2 4 6D, Fel+ Fe2+ 3d6 D, 6.70 4.90 5.4
A LT I T 3/2 3 9/2 :Fm C922++ Co2+ 3d7 4Fy ;5 6.63 3.87 4.8
8 h it 1 3 4 4 Ni” Ni2+ 3d8 3F, 5.59 2.83 3.2
9 W o oW oWt 12 2 5/2 Ds/,  Cu?* 24 9 )
10 # # # @ #0 0 o 1S, Cu 3d Ds/, 3.55 1.73 1.9

From Burns, 1990 NNSE 508 EM Lecture #12



Ferromagnetism — Molecular field theory

« Spontaneous magnetization occurs in some
(Ferromagnetic) materials composed of
atoms with unfilled shells

« For some reason magnetic moments are
aligned even at relatively high temperature

« Hypothesis: magnetic order is due to strong

local magnetic field (Weiss effective field)

at the site of each dipole

B

loc

with a constant y

» Consider a collection of N identical atoms

=B, + 14, yM

per unit volume, with total angular
momentum J, and use QM treatment of
atomic paramagnetism

M=M

sat

B, y

with y =

M sat — N :ueff

10

Values of Curie temperatures and spontaneous
magnetism (at 0 K in Gauss) for a few

ferromagnetic materials

(@ Mat.  T(°K) M Mat.  T.(°K) M
Fe 1043 1752 CrBr, 37 270
Co 1388 1446 Au,MnAl 200 323
Ni 627 510 Cu,MnAl 630 726
Gd 293 1980 Cu,Mnln 500 613
Dy 85 3000 MnAs 318 870
EuO 77 1910 MnBi 670 675
EuS 16.5 1184 GdCl, 2.2 550

(b)  Mat. Tn(°K) Mat. Ty(°K)
MnO 122 KCoF, 125
FeO 198 MnF, 67.34
CoO 291 FeF, 78.4
NiO 600 CoF, 37.7
RbMnF, 54.5 MnCl, 2
KFeF, 115 VS 1040
KMnF, 88.3 Cr 311

() Mat. T,(°K) M, Mat. T(°K) M,
Fe;0, 858 510 CuFe,0, 728 160
CoFe,0, 793 475 MnFe,0, 573 560
NiFe,0, 858 300 Y,Fes0;, 560 195

/Jeff BIoc = /Jeff Ba +/’l07M _ gJ/uB'J Ba +1u07/M

KeT

ke T

KeT

From Burns, 1990
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Ferromagnetism — Molecular field theory -

Solution of equation with Brillouin function
1.2

* Now let’s find the spontaneous
magnetization (B, = 0) 1.0

M=M

M
- BJ y with y = Hets oV 0.8
kBT 0.6

By (4)

Solving equation against y :

/ueff luoyM sat

0.4

y

0

 Depending on temperature spontaneous

magnetization can be either M=0 or finite
* Atlowy BJ(y<<1)zy‘]+1
3J
We can find critical Curie temperature: ,Uesz
KgTe J+1 N 24,7 )
= T =—= J J+1
Mgt oM 3J © 3k, J e

From Burns, 1990 NNSE 508 EM Lecture #12



Ferromagnetism — Molecular field theory N

» At temperatures T > T_, there is no
spontaneous magnetization, and we can find
temperature dependence of magnetizatiob

(Ba g O) M = MsatBJ y 2
J B M M=M_y J+1_ N B. + u,yM
H J/B a + 0 - sa = a
with y = 334 " HoY VIR Hoy
 Solving for M: C
) T-C B, with Curie constant  |C = N oty =T
Ho —Ly 3Kk, Ve
* Then susceptibility of ferromagnet in Reciprocal susceptibility vs. temperature for nickel
paramagnetic region C 3 T | |
ATTT

 Some estimation for iron:
g,=2; J=1, N=85.10°m° = C=177K
T. =1043 K; = » =588

M ~1700 Gauss;: — B ~10°Gauss=100 T

Huge ! Temperawre (C) From Burns, 1990
NNSE 508 EM Lecture #12
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Ferromagnetism — Heisenberg exchange interaction

What is the reason for so high local
magnetic field ? — Exchange interaction

Consider two electrons on two atoms. We
need to find the energy difference =
exchange integral J.,) :

Their wavefunction is antisymmetric due to
Pauli exclusion principle

Usually the interaction between the space
and spin parts is small, and the variables
can be separated :

Antiparallel spins give antisymmetric spin
wavefunction, etc.

We can construct wavefunctions for singlet
and triplet states with correct symmetry:

Ui(ry,T2) = @u(ry)dp(rs2) Wo(ry, r9) = @u(r2)y(ry)

00 — 00

H =

ex

Singlet

13

—-J., S-S,

ex

Triplet

@@ @@

_+_

Y r,s,n,s, =—%¥ r,,s,,1,S
space spin
Y n,s.,n,s, =@ n,L g S,s,
Wavefunction Singlet Triplet
Total Antisym. Antysym.
Spin part Antisym. Symmetric
Space part Symmetric Antisym.

Ps X, % =4, L @ L +9, 1, ¢ 1 =Y+,

¢ XX =0, 0 G L~ N

¢n L =% -,
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Ferromagnetism — Heisenberg exchange interaction-contd ~ **

The energy shift of singlet and triplet states can
be calculated from perturbation theory:

E, =<¢S |v|¢5>=<LP1|V|LP1>+<LPZ|v|LP2>+<LPl|\/|\P2>+<LP2|v|\Pl>
Ey :<¢ir |V|¢r>:<\P1|V|\P1>+<LP2|V|\P2>_<LI’1|V|\P2>_<LP2|V|\P1>
e’ 1 1 1 1
V — _ _
rl’ r2 80 |:rab ra2 rb1 ’ r12 :| o e

The energy difference between the singlet and

triplet states
ES_ET:‘Jexc:4<LPl|V|\PZ>:4<¢a N ¢b I, |\/|¢a I, ¢b r1>

¢a r2 ¢b r1 >:|

N— D /
Y N

1
& Fa2

:§{8<¢a n ¢b I

¢a r2 ¢b r:L >+4<¢a r1 ¢b r2 ri¢a r2 ¢b r1 >+4<¢a r1 ¢b r2 ri

At small a-b distance J_ <0 and singlet state is favorable /
At large a-b distance J_,. >0 and triplet state is favorable

BTW if the electrons are on the same atom, the
ion interaction change is zero, J__>0 and

antiparallel spins are favorable = Hund'’s rule
NNSE 508 EM Lecture #12



Ferromagnetism — Heisenberg exchange interaction contd.
Exchange integral vs. interatomic distance

« Exchange interaction can be ferromagnetic ry— average radius of 4d electron
or antiferromagnetic depending on Je
interatomic distance

« Exchange interaction is electrostatic
(strong) in nature

 To correlate it with molecular field theory,
we can write:

Hex :_Z‘Jex Si 'Sj EZ:gJ:uBS‘iBloc
1]

1
Z‘J exS — gJ IUB BIoc
\ Number of nearest neighbors

From Christman, 1988

2
+ ForFe: 3, = SutlaltyM _ Golte HIT 19mey
ZS z

 Electrostatic interaction easily accounts for
this value

NNSE 508 EM Lecture #12



. - 16
Ferromagnetic materials

Ferromagnetic material is always

* Energy is minimized by ordering spins into “domains”
locally saturated

« Net moment, M, would cause external field,
increase energy ey

« Magnetic domains cancel so that M = 0

» Natural ferromagnetism does not produce net
magnetic field ,

» To magnetize a ferromagnet, impose H
« Domain walls move to align M and H

il
(a) Unmagnetized iron F (b} Induced magnetism

» Defects impede domain wall motion
« Magnetization (M,) retained when H removed

Hysteresis loop of a ferromagnetic
material

» Magnetic properties
M, = saturation magnetization (All spins aligned with field)

M, = remanent magnetization (Useful moment of permanent
magnet)

H. = coercive force (Field required to “erase” moment)

Area inside curve = magnetic hysteresis (Governs energy
lost in magnetic cycle)

NNSE 508 EM Lecture #12



Core magnetism — materials with 17
spontaneously ordered magnetic dipoles

* High temperature:
- Spins disordered = paramagnetism

* Low Temperature (T < Tc)
- Spins align = ferromagnetism
» Elements: Fe, Ni, Co, Gd, Dy

* Alloys and compounds: AINiCo, FeCrCo,
SmCos, Fe,;,Nd,B

- Like spins alternate = antiferromagnetism
(RbMnFy)

- Unlike spins alternate = ferrimagnetism

« Compounds: Fe;O, (lodestone, magnetite),

CrO,, SrFe, 0O, other ferrites and garnets

I

Ferromagnetism
M = nm

NI

antiferromagnetism
M =0

B

ferrimagnetism

M= (n/2){m;-m,)

NNSE 508 EM Lecture #12



Other types of exchange interaction
Mn — O - Mn

« Superexchange (transition metal oxides)

« Can be ferromagnetic or anfiferromagnetic
depending upon the energy of delocalization M,
of the p-electrons on M, and M,

* Ordering temperature up to 900 K in ferrites
(NiFe,O, - 863 K)

« Sign mostly negative, though ferromagnetics
are known: EuO (T,=69K) or CrBr; (T,=37K)

« RKKY interaction (Ruderman-Kittel-Kasuya-
Yosida) - Indirect exchange over relatively large
distances trough spin of conduction electrons (4f

metals)

* Interaction oscillates with (kcR), Fermi
wavevector determines the wavelength of
oscillations

* The interaction is of the same order for all rare

earths, but ordering temperatures vary due to
magnetic moment: 19K for Nd, 289 K for Gd)

T

18

}

M,

Figure 9.1 - M; and M;: transition metal ions, O: 0*

-100 (x cosx — sinx)/x*

RKKY interaction

0.8
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0.2

0.0 |
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Magnetic materils "

« Magnetic induction field is the same in a

_ 0
3 - £
3 L g Q@
gs. - =
c E "y E D
3 ow® 2= E=
= £5 & .g 5 Ferromagnetic
= S8 Ex =& Materials
— |
-1 -10-2 = 104 0O 10-4 10-2 1 102 104 108

Magnetic Suscpetibility, x

From Goldberg, 2006
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Magnetic units

Magnetic induction (tesla): 1T=104gauss (=1 Wb.m2).
B can be called magnetic induction, magnetic induction field or magnetic flux density.
Magnetic field (ampere / metre): 1A.m1T=4nx10" cersted.

The magnetic field H is often expressed in units of poH, hence in tesla (T) or its
submultiple, the gamma (y) which is equal to 10 ™ T. A field of 1 A.m"' corresponds
to 1.2566 uT.

Magnetisation (ampere / metre): 1A.m1=10-3 emu.cm3.
Magnetic moment (ampere-square metre or joule per tesla): 1 A. m2=1J.T-1=103emu.
Specific magnetic moment: 1 A.m2.kg"'=1emu.g.

Note that, sometimes, magnetisation (M), magnetic moment (m) and specific magnetic
moment (o) are expressed in tesla, Weber-meter and Weber-meter per kilogram,
respectively : the reason is that we have adopted as definition of magnetisation (dm/dV):
M = B/ - H, whereas some authors call “magnetisation” the quantity B; =J = B — yoH
which is usually called “(magnetic) polarisation”,

2
B 5 _V'S 1H:Wb:T'm
1Wb=T-m 1T = oy A A

From Tremolet de Lacheisserie, 2005
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Physical constants ot

Name and symbol Numerical value
Speed of light in vacuum, ¢ 2.9979x 108 m.s"!
Permeability of vacuum, yp 4nx 107 H.m"!
Permittivity of vacuum, & =1/cuy 8.8542x10°12F.m"!
Planck’s constant, & 6.6261x1034]J.s
h=h/2m 1.0546x 1034 J.s
Acceleration of gravity, g 9.8066 m.s2
Electron rest mass, m 9.1094 x 1031 kg
Electron charge (absolute value), e 1.6022x 1019 C
Bohr magneton, ug = e/#i/2m 9.2742x 1024 A.m?
Flux quantum, h/2e 2.0678x 1015 Wb
Avogadro’s number N 6.0221x 1023 mol !
Boltzmann’s constant, kg 1.3807x 1023 J.K"!

Length (metre) : 1 m =102 cm = 39.37 " (inch) = 1010 angstrém (A).

Force (newton) : 1IN =105 dyn =0.102 kgf.

Energy (joule) :1J =107 erg =0.7243x 1083 K = 0.6241 x 1019 eV.

Energy density :1J.m™3 =10erg.cm-3.

Power (watt) :1W =107 erg.s"! =1.359x 103 CV = 1.340x 10 3 hp.

Pressure (pascal) : 1 Pa =10 baryes = 10 -5 bar = 1.02x 10 -5 kgf.cm —2

=7.49x10 3 torrs = 1.45x 10 4 psi.

From Tremolet de Lacheisserie, 2005 NNSE 508 EM Lecture #12



