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Basic magnetic properties of solids

ZIntroduction

ZMagnetic moments in free atonendions, diamagnetism
ZAssembly of atomgaramagnetism

ZExchange interactions and ferromagnetism

ZMagnetism in metals

Z Anti-ferromagnetism, ferrimagnetism and non collinear order
ZMagnetic anisotropy

ZMagnetic domains and the magnetization process
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Magnetism

UNIVERSITA -

Z A storythat goesback in time:

# Namefrom historicalGreeceregionof
MagnesiayY magnetite (VI c. BC)

Z ChineseHandynasty(ll c. Bal c. AC)? &=

Z ShenKua (XII c. AQQuspended *
compasgmagnetizedron needleg o

g Pivotingcompasdor navigation A. sl
Neckamin Europe (Xl ¢c. AC) R 7=

Z PetrusPeregrinusie Maricourt

Epistola de Magnetél269 Y
magneticpoles
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Magnetism
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ZW. Gilbert (1600): De Magnete
Z Reference work omagneticohenomena

PHYSIOLOGIA NOVA

| | @ DEMAGNETE, §
Z H.C. Oersted (1820 S ~ M::G:::l%sovncomo |
Z Linkbetweenelectriccurrentsand B i Guiictan et Coleren
magnetism . M | on e
N ;i ; .v:‘, : :us mma;l.‘l ’ & i
Z A.M.Ampere(1820) \ Y ’"“‘““m S

\Nolfga

Z Amperelaw Jldmlmnltbmgkundu s

h’MRmE")'ccvsvs SEDIN
Z M. Faraday (1831)
Z Faraday lawmagneticinduction

Typis GéWs Su

Z Andmanyother: Biot,Savart Laplace,
Poissod X
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Why magnetisn?

UNIVERSITA

Z Everywheran moderntechnology
ZAnd more: ﬁ '

g BlomedIC|ner:ancertherap cell i Wlnd.'tt;rbine Motor Medical servlce c icati
Separatlon drugR S f A Q S NE 3 ommunication system

Computer Loudspeaker VCMs in hard Generator
disk drive

a

Magnetic levitation Airplane Automobile
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Shortremind: somedefinitions

UNIVERSITA

¢z Magneticfield: O 074 ¢ Defining relations:

¢z Magneticflux density. 8 ["Y

e 5’ ‘
Z Magnetizationu [—]

Z Magneticpermeahility: * - [—]

Z Relativepermeability — [SI]

Z Vacuumpermeability,
‘ nARv ¥ ¢ W

Z Magneticsusceptibility(volume):
U
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Magneticmoment of a single electron

UNIVERSITA :

. . : Magnetic Magnetic
# Orbital and spinmotion of the e moment moment

: : - | g Electron
¢ Orbital magneticmoment: & - lectron G
G : magneticquantum no. LA
‘ Atomic Direction

G X pTT 04 Ul'Y nucleus
ey
. . "Q‘ .
E Spinmagneticmoment: g? g
¢ OF® orbital and spinanguitar . 7
momeniuimyvectors
"Q phHQ ¢:Landéfactor
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Orbitalmagneticmoment

UNIVERSITA i

Z Thea compoenentof the orbital angular 0 0\/(‘3(61 0)
momentumis quantizediin units Y 0"
the sameoccursfor the magnetic —3\/(‘3((‘1 p) O \/(‘1((‘1 P)
moment: J
Q [$) [=2

_Cé( 0 ——« f_ ILI=+2(2+1) #

ILl=4l1+1) %

I = orbital gquantum
number
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Spinmagneticmoment

Z Theg compenentof the spinangular
momentumis quantizedii units Y
the sameoccursfor the magnetic
moment:

Y 2Q
whered K

v
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Totalmagneticmoment of the electron

Z Couplingof orbital and spinangular ! P
momentumvectors spinorbit Y 03‘/ fé} P)

interaction
where

Z Forlightweightatoms(® 1T jtwith & M Q pBATB Q ph Q
manye : i

2 : , J=L+8 z
U B 8% B b J=L+8 3

R |JI=Aj(j+1) #
g Totalangularmomentunt ® 0 ¥
Z LS Russéisauntderscoupling

Z Totalmagneticmoment:
‘ Q \/ U(U p) Vector model

¥ j = total angular of atom
momentum quantum

number
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Spinorbit interaction
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¥ Relativisticeffect
Z Interactionbetweenthe magneticspin
moment of the electron and the
magneticfield createdby therelative
orbital motion of the r)uclleuts

ﬁ
_ 1 11 4
= P #0 the 3d and 4f series [ m

In Kelvin e
- YQ¢B ion 43

C !W ¢5’ Spin-orbit coupling constants in
0]

Ti** 4fF

# 8andipcoupleto form the total angular — -
momentump & b 8 - v 4

Cr

Z In multielectronatoms e |
= Y0 g% T

Nit*
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P.Zeeman

DI PARMA &)

Zeemansplitting

UNIVERSITA

Z Magnetic moment of anpn:
ol (3 CH —
9
Z Zeemarhamiltonianfor the moment
& in afield 6 appliedalonga:

- Fgd 0 CY ?6

Z For aparticularu-multiplet:
0 ¢ o8
a Qv —
¢ D

QU —&
J
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Magnetic moment of free atoms and ions

UNIVERSITA

ZIn a single atom/ion, the # Complete treatment: accurate for
magnetic moment contributions lanthanides (4f)
from all e must be summed and ‘ VOO p)
may cancelceach otheout Z Neglecting spirorbit interaction:

zExample: atom having ahells | CNTW p) DD p
andsubshellsfully ocoupied

Z Complete cancellation of orbital
and spin magnetic moments

Z Examples: inert (noble) gases,
some ionic compounds

e
[+
T

—
o
Lo

[=]
| I B

F -y
T T

L, S, gJo+gVJ(J+1) ——»=
o]

10

Number of 4f electrons ——=
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Magneticsusc
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|

1

iron, cobalt,
nickel:
ferromagnetic

eptibilityof elements

| |

|
Th
' D
Gd/ R 1

paramagnetic

diamagnetic

atomic number

60
©1994 Encyclopaedia Britannica, Inc.
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Atomicdiamagnetism

UNIVERSITA @

P.Langevin

Z Classicaliew. Langevirtheory

Z Precessiomf the orbital magnetic
moment of the single electroaround
the magneticfield direction

¢ Lammorfrequency o

“Q —l 1 1 4 "O
C ¢ ca
Z Inducedmagneticnmoment‘e

Z Faraday lawp  opposed tod
o a Iy)y ©QQAY)

C T

J.Larmor
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Atomicdiamagnetism

UNIVERSITA ;

¢ For anatom with atomicnumber
Z Precessiomnf all welectrons

Z Inducedatomicmagneticmoment:
. Q0 |, Q0 |
: w0
904 )
_— |
¢ |
Z Magnetizationper unit volume:

. Q0,07
U —wW— (1 )
QA 0
¥ Diamagneticusceptibility
‘ 'Q ) 4

oG
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L. Landau

Diamagnetism

Z Diamagneticsusceptibility ¥ Lantaudiamagnetisnof free electronsin
Q0" metals

W0— (1 ) 0 é()

QA 0
Z Independentof whetherthe atom hasa
net magneticmoment ornot
Z Not explicitlydependenton Y

Z Diamagnetisms predominantin
elementswith completelyfilled shells

z He NeAZ X %<0

r, Z

Z Polyatomiagases

Z lonicsolidsw complete electron transfer
(NaCE X 0 "“__‘Slope:%

# Solidsw covalentbond (SiGe Gg A X U
Z Almostall organiccompounds

+ = constant

namagnetism
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Diamagnetism
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=
v
o2
(11 ]
>
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Assembly of nointeractingatoms

UNIVERSITA ¢

Z Atomg moleculesw. unpairedelectrons . S —
eachw. a netlocalizedmagneticmomentd VEQ— 06 ¢ I M —Q—

¢ Norrinteractingparamagneti@tomsgas 6 . 0(Q— 0:normalizationfactor
¢ Effectof "Y randomorientationand 0 Tl

# Classicaliew. Langevirtheory
Z In amagneticfield "'Othe potential energyof

anindividuala is
(@ ateg = &io
# Boltzmannstatistics
¢ probability 0 — of the moment making an
angle—with "Odirection:

L.Boltzmann
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ParamagnetismLangevirtheory

UNIVERSITA ;

Z Magnetization peunit volumealongthe 'O . | “0a O

i I - ) 6 d_ ~— o
direction: o TO"Y

0 a QD0 (DQ— Z Paramagnetisusceptibility
“0a 0
Z For anassemblyof identicalmomentsa : o Oy v

5 ; é([,& i OF F] G oafl | Cutie|law 0: Curieconstant

‘a0
| Y
fl (o): Langewirfunction
Z AtlowQ, high"Y| L p

gy 2!

P. Curie

— E The Langevin function ﬂ (l )
| 0) — The slope at the origin is 1/3.

0 2 4 6
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Quantumtheory of paramagnetism

¢ Classicahssumptiond” canpointin  Magnetizationalong the'Odirection
anydirection

# Quantizationof & -
Z The&@ componentalong”O ¢ canonly
take discretevalues
a NORNN |
a B h * (¢ 0 penergyleveld 55O O P <
¢ Potentialenergy ¢V
O Qa0
Z AgainBoltzmannstatisticswith
| “"Qu O

’?‘Q uY

Brillouinfunction

L. Brillouin
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Quantumtheory of paramagnetism
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Z Atlow 'Q high”Y| L p 2 AsUO Hb, theallowedorientationsare
i L P [ p) V] p) spatiallycontinuousand
() [—=I | L))o fl

oL Ay
£ Neglectinghe higherorderterms: 0 1™ "WQ ¢ spinonly
P

(OJNV)

(1) LT AT L 1 7 en 7 U
O o0Qy ' () oO"QU —]
vu p . ’ FY 0—0 By/2(x) (Gd¥)

l’j“Q‘ : B ~S— O A
oQ'Y 0421K
. . §s5F 1 o Bs/a(x) (Fe*)  x3,00K
Paramagnetisusceptibility . A200K
, bu p 0] : % - . 0 130K

C0Qf ——— = o By /2(x) (CrY)

o Qy Y ' e
Coa

o Q ' | H/T, 106 Am-! K-!
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Quantumtheory of paramagnetism
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Z Atlow’ thghQ| P

|

El ) Occupation
N probability o< to
v 0 QU

A 5B
_.——+leB exp (—%)

Z Allmomentsalignedwith the field, independentlyof
the field intensity: saturation - B
g Extreme quantuniimit: T -HeB o ( igT)
g0 1O Y pjchQ ¢
Z 1 spinatom, two-levelsystem
0 0 OAIE
g Atlow™Q high'Y] L p OAT EO |
‘ 6 ‘
o QY

-1/2

g VISE+1)lue
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Paramagnetisnof freeatoms

UNIVERSITA .

H=0
Z Observedn: GIOXOXO,
Z Gase®f magneticatomd molecules OO0

Z Saltsof 3dtransition metalsand rare OXOIOIO
earthelements OC0®R

Z Someoxidesof rare-earth elements

M,

+ . glope=y

H
.

M=y H
1=0

Paramagnetism
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lonsin solids crystalfield

Z For freelons Z Hamiltonian:
¢ Filledelectronicshellsare not magnetic =

# Onlypartly-filled shellsmaypossessa
magneticmoment

& Q' 001 dzy Ri@sgiveQ andy

Zlons insolids
¢ ElectrostaticCoulombinteractionof an
lon with its surroundingserystalfield Z3dions = hasto beconsidered

? Quenchingoof ith@rbital angukar before= "Yisagoodquantum
momentumd for 3dions spinonly number

moment g4fions=  hasto beconsidered
a QY ¢ Y before= visagoodquantum

# Magnetocrystallineanisotropyappears number
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Relativedistribution of 3d and 4#electrons

Z As metallic atoms aopns thetransition
metals (TM) occupgne third ofthe
volumeof the rareearths (RE)

Z TM atoms: the3d electronsare the

outermostelectronsY interact strongly with
other nearbyatoms

Z RE metal atomghe incomplete 4f electroni
subshell isocatedinsidethe 5s and 5p
subshellsy 4f electrons are not strongly
affectedby neighboringatoms

L1 P ot s omy

Co°

Cobalt

\‘:\.

Sp

0,1 0,15
r, nm

0.2 0,25
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Crystalfield effect

UNIVERSIT/

Orbitals in the crystal field

Z ElectrostatidCoulomb interaction of -
the electronic chargelensity with the BIEl et
neighbouringons e
? Thepotentialhasno spherical

symmetry 5

# Examplecubiccrystal [=1 omias

Z 2 cubicenvironments
Z octahedral

Z tetrahedral L n=3
| =2 dorbitals

dx-y2 dn
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Quenching of therbital momentum

ZIn many 3d TM compounds, the effect of surrounding atoms determines the

Glj dzZSY OKA Yy 3£

Z In such a case, only the spin angular momentum is considered

Z Exceptions:

21

0KS

2NDAGLI f

¢ Orbital contribution from partially filleghells(q. -grbitals)
Z Effects of (weak) spiarbit interaction

Ion e- Config.
Ti4* d!
Ve d2
Cr3+ d3
Fe3+ d® (HS)
Ni2* dé (HS)
Cu?* d®

S

1/2

1

1

1/2
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3/2
5/2

M5+L(MB)
3.01

4.49
5.21
5.92
4.49
3.01

Ms(MB)
1.73

2.83
3.87
5.92
2.83
1.73

Iy 3dzt | NI Y2

Hobs (”B)
1.7-1.8

2.8-3.1
3.7-3.9
5.7-6.0
2.9-3.9
1.9-2.1




Magnetic Periodic Table

Atomic Number Atomic symbol

Atomic weight

DI PARMA

Typical ionic change
Antiferromagnetic Ty(K) Ferromagnetic T.(K)

UNIVERSITA

4.1l %Fe  ¢’Co
55.85 55.85 58.93
PRELN 3+3° 2+3d

1043 1390

157.3
3 +4f
292 179 85

" Q Q

[: Nonmetal [: Diamagnet - Ferromagnet T, > 290K

[:] Metal :] Paramagnet -Antiferromagnet with Ty, > 290K
Radioactive BOLD | Magnetic atom = Antiferromagnet/Ferromagnet with T,/T; <290 K
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Ferromagnetism

DI PARMA

cYolele
clojele
S ermognetic @006

@ cloele

Unpaired Atom electronicconfiguration
3de

DI

|
) ]
Diamagnetic and

paramagnetic - | 1 | | | t | |

NnE
404 [l
0] (e[

| L[4 [4]F]
25

Magnetic field strength, H (A/m)

)
§
xQ
>
=
=
3
>
S
e
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Meanield theory

Many-body Single-particle
problem problem

beovoosoe

effective
field
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Ferromagnetism: meaheld theory
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¢ SpontaneousnagnetizationU ALY TT
spontaneous alignment of atomic 0 50U
magnetic moments 2 At finite Y

7 Weiss (1907)internal «molecuidar» 5 (Y
field v i

©

KD - élfm "
Huge fieldz ZHowever O , then:

hNAIAYK | SAASYoSNHQE SEQKAY IS » kg S NI Qai i 2
(1928) / &ty O Y | NORRY) |
Spontaneous magnetization: 0 ‘D ¢ 0 O&V
0 0°Q¢ ' | where
Butnow: .S 0Q oY p
P ) ,.' 0 -
| — o Q
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Ferromagnetism: meaheld theory

UNIVERSITA

_ _ 0 (Y [0 p)
Z Simultaneous solution of the two 5 560 |

equations:
E () i

EL [ ( ]|u
Z Graphicalnumericalsolution
Z°Y "Y:2solutions

Y "Y:1solution

Z"Y “Y:2coincidentsolutionsY same
slopeof the 2eq.sat the origin

gFor Lp ' () (—)l , then:
Y o& 6

|lcx
)
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Ferromagnetism: meaheld theory

DI PARMA

Z Example: Gd
EY qw@g;v Y 5'Q ¢
O o pmMa& + O T&WU

Then £ VW

. v U O
U v QU p&)ud—

0 & ‘U PTTY
Enormous

7 Example Ni

'Y @cu3 -

Z Spontaneousnagnetizatio: theory vs.
experiment
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Paramagneticegionof a ferromagnet

UNIVERSITA
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Z Magneticsusceptibilityfor Y "Y:

gForl Lp ' () (—)
R0 (04,80

‘?’Q "Y
"O externalfield

5
SV
CurieWeiss|law

— Y ¢ 0 Paramagnet Ferromagnet

— paramagneticCurie temperature =

“0Q" vy P
oQ

B
T
6
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Curie temperature

UNIVERSITA

Temperature (°F) TABLE 19-3 W Curie temperatures for

| 400 | s:lm | 12|c=c= | 16|m | selected materials

\

Material Curie Temperature (°C)

Gadolinium 16
ng FelgB

Nickel

BaO - 6F8203

CosSm

lron

Fe20 .
g0 Alnico 1

\ Cunico

200 400 600 800 Alnico 5
Temperature (°C) Cobalt

Saturation flux density, B, (gauss)

—
E
o
[
—
=
E:c
=
=
2
m
P
e
[aH]
=
ol
8]
E
=
=
;o
m
=
3
3
i
L]
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Exchangenteraction

¢ Originof 'O?
Z Not due toatomicmagneticdipoled
Z Exchangenteractionreflects

Z ElectrostaticCeulombrepulsionof e
betw. neighbouringatoms

# Pauliexclusiorprinciple 1 e per
guantum state

Z Energydifferencebetw. "W andV1s
configurationgfor the two e

Z ExampleHydrogemmolecule 2atoms
with 1 e each

Region of Region of
constructive destructive
interference interference

-t -~
y |

- ~— -~
v \ . | .
e - e N
n N
’ ¥ 4 7| \ \
/ / — i \
f ~ A1 N N
' - \ /b~ \ \
\ : \
| /
v L\ -~ J ]
Ve / 7
5 N e S /
S . b » o
- 2 * ik y = ',/
e . el

The spatially symmetric and antisymmetric wavefunctions for H,.
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Exchangenteraction
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W. Heisenberg

Z Heisenberggeneralizatiorto many-
electronatomicspins¥, '¥: Bethe-Slater Curve
Z Heisenberdhamiltonian

= C 'YW
'7: exchangdntegral
2 Tt ferromagneticinteraction!
g' 71T antHferromagneticinteractions
Z In the case ohnatomiclattice:

= ¢ ' wgw hy

i
AR,

Anti-ferromagnetic

o

Exchange integral (J)

sum overall ‘Gpairs Atomic spacing (a)

Radius of incomplete shell (r)
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Exchangenteractionin meanfield

Z Relationbetween' and¢ : Z Semiclassicahpproximationin the

A : continuumpicture;
Z The momenfQ' “Yinteractswith an ¢ couplingof elementarymagnetic

effectivefield© ¢ Q" Y momen?sexpressedn termsof 'O, 0

Z Onlynearestneighbourinteraction Z 0 =localparameter averagedn aw

e . . includingmanyelementarymagnetic
Z Site"thamiltonian momentgs y ymag

Z Exchangenergydensityin polar

C ' W)W oQ Y coordinates

Z Mean-field approx: neglectdocal O[( 1) DET( 9 Qi]
correlationsbetw. & and &

£ (X no.nearestneighbours 0= exchangsestiffnessconstant

'T7

Y — O —:0 ——
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Exchangenteraction

UNIVERSITA

Z Localizednagneticmoments

¥ Directexchangdetweenneighbouring
atoms(example rareearthg

¥ Superexchangaenediatedby non

magneticions(example FeFe Iin
magnetite), shortange FM or AFM

Z Other couplingmechanism

¥ Indirect exchangenediatedby
conductionelectrons

¥ Oscillating longrange(RKKY)

¥ Doubleexchange (example
manganite$, FM
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Magnetismin metals

UNIVERSITA

Z Magnetismof electronsin solids
considereduntil now asthoughthey
were containedwithin the coresof
atoms localizedmodel

Z Differentapproachfor metals

Z Possibleenergystatesrelate to
electronstreated collectivelyaswaves
travellingthroughthe solid

Z Many metalsare weaklyparamagnetic
andtheir ..isalmostindependenton™Y

Susceptibility x 102 J T kg™

1000
Temperature K

Figure 3.1 Temperature dependence of the magnetic susceptibility of several
metals (after Kittel, Introduction to Solid State Physics, Wiley).
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Free electrortheory of metals

Z Ignore theperiodicpotential of the
atomiclattice

Z Densityof statesfor free electrons
Z No. allowed states per unit energgnge
QU Ya

O 90 O Jca O

Z FermienergyO : energyof the highest
filled levelsin the groundstate of a

-

/

A.Sommerfeld

-

systemwith 0 electrons/un}jt Volume
0 (0 L’)>
ca \yYf
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Free electrortheory of metals

Z Pauliexclusionprinciple FermiDirac Z Equilibriumdistribution of electrons -
distribution Z Density of filled states at givé@ and”Y

E(OFY  "TO)'qO)

le Oy Q0

0.0~
0.00 0.25 050 0.75 1.00 125 1.50

oro
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Pauliparamagnetism

Z Everyguantum statels occupiedby two
electrons one spin up- andone spin down®
Z DOS curvsplitsinto two sub-bands
¢ FenmiDiracstatistics

6|/||/| L’3|/|a5 QO )‘ O
U =no. of e perunit volume

"(PO )=densityof statesat the energyof the
Fermilevel O

P e P
U o (UI/IVI UI/Ib) wQO) 0)

Density of states
'9(E)

Total number of electrons
prop. to area enclosed

Enérgy, E

(No applied field)

B
Ll

E

Applied field B

Number of electrons flip:
MpBg(Ep)2
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Paramagnetisnm metals

£ Atomicdiamagnetism ¥ Pauligparamagnetisnm metals
. L _ew, ¢ Associatedo the spin of freez W, Paul

o) P & ¢ Statescloseto the Fermilevel

¢ Lanttaudiamagnetisnof free e : P
. a3 )
pU A Z «qualitativeequation» for total
——" A )(, ) susceptibility

oW a '
5 5(a7)
- 3y )( \3 )
o .
0@
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Paramagnetisnm metals

UNIVERSITA

Z Inthe caseQ YL O (without interactiong
oU
cO

at’y Tt

Z Onlya smallfraction of & occupyingenergylevels
closeto O contribute

Z Thismodelappliesto the casean whichthere are
relativelyfew electronsin aconductionband

Z At finite Y ...turns out to benearlyindepentent
on7Y
# Paramagnetismvith interactions enhanced 0 1000 7000

Temperature K

Sumpﬂdblhhw Figure 3.1 Temperature dependence of the magnetic susceptibility of several

metals (after Kittel, Introduction to Solid State Physics, Wiley).

Susceptibility x 1072 7J 2
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Bandtheory of solids

UNIVERSITA -

Z For the total number N of atoms in a solid 16m<3), N energy levelsplit apaft
within a width3s-O.
Z Leads to dand @fenepgiesor each initial atomic energy level

Two atoms Six atoms Solid of N atoms

Electrons must occupygs

different energies &
(PauliExclusion ™
principle)

r

o
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Transitionmetals

UNIVERSITA
DI PARMA

Z In transition metal elements,
the outermost electrons are the
3d and4s

Z theseelectron clouds are the
first to overlap as the atoms are

broughttogether

Z the corresponding levels are the
first to split

Electron energy £ ———»

{4

Zd electrons: form a narrow band
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Ferromagnetienetals

UNIVERSITA ;

¥ Exchangeouplingbetweenelectrons . '
Z treated with amolecularfield term E.C. Stoner

Z In partially filled energy band, an imbalance of
spinsY net magnetic moment peatom

Z Spontaneous magnetlzatlanY internal
(molecular) fieldO ¢ 0

¢ It arisesfrom Coulombenergy™Y

¢ Stonerchterionfor ferromagnetism:

Z Ferromagnetisnappears when the gain in
exchange energy is larger than the loss in kinetic

energy
YEAO) p

-
Jf - e
- »

v |

] 10

0
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Ferromagnetienetals

UNIVERSITA

¢ Stableferromagnetism large DO&t I
the Fermilevel("Y "Y) or large'Y 2 Fe (fcc)

am 0.358:n.m<:¢

P
p ’?‘Y.‘m
Z Weakand strongierromagnets

R

Fe (fcc)

|

Fe (fcc)
a=0.368 nm

Density of states, QO [eV™ atom

1

Energy, € (eV)
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Ferromagnetienetals

Z Spinmagneticmomentsper atom are
non-integer
Z 4s and 3d bandverlaps one effective

band
r \ . 01.54 electron 0.54 electron
a [U (8 W U)]‘ jﬂ.ﬂ? hﬂle\a ;054 hiole

o Fermi Fermi

p Tt é ()] surface ¥ + - * surface .',
€: no. 4s+3caklectrons L 1

. 5 electrons
W No. 4selectrons ad L 3d 1

4s 4.73 electrons 45 4.46 electrons
cExampleNicel 304 lu_
£ N_ (ng= 0.54e /atom
A =0.61"; 3d°4s’ 8 2.22
' 6]

Co 3d'4¢ 9 1.6 1.72
Ni 3d¥4g 10 0.6 0.6

Z Fe, CoRigidband model
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Binaryalloys

UNIVERSITA 2

Slater-Pauling Curve

Z Alloys of FM or of FNNM 3dmetals

Z Atomica asafunctionof no.of outer
electrons(4s+3d)atom
ZMax: 2.5 (Fg-Cq >

- S-P curveI

Fe-V
Fe-Cr
Fe-Ni
Fe-Co
Ni-Co
Ni-Cu
Ni-Zn
Ni-V
Ni-Cr
Ni-Mn
Co-Cr
Co-Mn
pure metals

Z Simplyfyingassumptiond bandsdo
not changeon alloying but only add
anddepletechargean the form of
rigid bands

'@ T YoX Yel-YoY Yor Y

Magentization per atom (m) (p,B)

~
@«
=
=
~—
L
=

=)
§
]
-
=
=]
8|
N
=
L
g
§
2
g
=
~—
<

~~—'

1
26 27
(Fe) (Co)
Number of Electrons
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Antiferromagnetism

Z Anti-parallelcouplingof spin
momentsof neighbouringatoms ®_©®©_©®_ O
Z Ordercriticaltemperature:”Y (Neel) Q Q Q
® ® ® _®
Z ExampleMnO ¢ ioniccompound

z No netmagneticmoment from G- @ ©®© ® *

Z Net spinmagneticmnoment (spin) from
Mn?*ions "8 coupling

Z MnO: no nettotal magneticmoment O Q \,

MI.IE-I-

02"
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AntiferromagnetismNeéeelmodel

UNIVERSITA ¢

Z TwoequalsublatticsA and B with
oppositelydirectedmagnetizations

©w 3}

U U
£ Twomolecularfields

—>

O ¢ U e 0 0O
D

O ¢ 0 &0
Z € :intra-sublatticeinteraction
Z € :inter-sublatticesnteractions
Z Net magnetization

(A} (A}

U if'O 1
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AntiferromagnetismNeéeelmodel

UNIVERSITA
DI PARMA

gFor'Y “Y:0 O ,where’Q oM 6 ¢cO6 and—
— ando L)

Beinge T
Z hence

5
0 — (€ U e 0 0O
"Y( )
. o . . L on
U W(S U € U O)
# Conditionfor havingspontaneoussublattice
magnetization
Y O ¢ €
G 0 )
0

V Italian School on MagnetisnM. Solzi Basic magnetic properties




UNIVERSITA @
DI PARMA (&0

AntiferromagnetismNeéeelmodel

ZFor'Y 7Y:

Z The antiferromagnetic axis along which the
sublatticemagnetizations lie is determined
by magnetocrystallinenisotropy

Z ..dependson thedirectionof appliedfield:

Y M) oT
=Y YY) —

y in units 1077 PEr gram

T I ¥ | ] l L] I ] i 1 |

(TR R T I TN NN TR N N N N N NN N

0 40 80 1200 160 200 240 280 320
T, in K

V Italian School on MagnetisnM. Solzi Basic magnetic properties




Ferrimagnetism

UNIVERSI T‘A 5,‘ - %,
DI PARMA

Z Example magnetite FgO,
Z Cubic structureg inverse spinel

£ Fe"O?¢(Fe),(OY),
Z Net spin moment for Féand Fé*ions

Z Incomplete cancellation of moments

Table 20.3 The Distribution of Spin Magnetic Moments for
Fe?" and Fe** lons in a Unit Cell Fe;0,°

Z Antiferromagnet withunequal
sublattices

Octahedral Tetrahedral Net Magnetic
Cation Lattice Site Lattice Site Moment

Feit I k l l l i Complete
I ' l l l l cancellation
. [TT1
1111

(Octahedral) (Octahedral) (Tetrahedral) “ Each arrow represents the magnetic moment orientation for one of the
cations.
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Ferrimagnetism

UNIVERSITA
DI PARMA

Inagl >=[Naal J[nggl [ngs| ==|nag| Naa

0
O
€ :intra-sublatticeinteractions

Z £ :inter-sublatticesinteraction

"y g(éé 58 ) \/(629 68 ) Tééé]

¢ Compensatiotemperature™Y
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Otherforms of magneticorder

Z CompetitionbetweenFM and AFM
Interactions if they cannot allbe
satisfiedsimultaneously

Y frustrated system

Y Non collinear systenmhelimagnetic
order

Z Pure AFM interaction in odd
membered rings: frustration
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Magneto-crystallineanisotropy

UNIVERSITA /&%
DI PARMA

o]

L
4

=
n

[0001]

(10101,
(11201

Magnetization, M (10% A/m)
—
=

E
=
W
o
—
=

=
=
=

55
M
g

@

&

]
=

MNickel

=
(Ey

= (10201
11101

| |
0.2 0.4 0.6 0.8

Magnetic field strength, H (106 A/m)

10,000 20,000 30,000 40,000 50,000
Magnetic field strength, H (A/m)
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Magneto-crystallineanisotropy

¢ Interaction of0 with the localatomic
surroundingsthroughthe erystalelectricfield
Z Origin spinorbit coupling whichbreaks
rotational invarianceof atoms
Z Verylow energy fcc-Ni: 0.2meVatom

Z Polaranglesexpansion
Z Uniaxialsymmetry

foalM) = K, HK;sin®J  K,sin' J Kgsif J ..
Z Cubicsymmetry

fa(M)= K, #(nEnt MM Bd) whhm.
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UNIVERSITA
DI PARMA

Magneto-crystallineanisotropy

Z Uniaxial
Z Easymagnetizationaxis

Z Easymagnetizationplane

Z Cubicsymmetry
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