Fundamentals of Magnetism ;

Fundamentals of
Magnetism & Magnetic Materials

Laura H. Lewis
Northeastern University, Boston MA

2015 IEEE Summer School — June 14-19, University of Minnesota




Fundamentals of Magnetism

Thank you to our Organizers and Sponsors!

« Dr. Mingzhong Wu, Past IEEE Magnetics Society Education Committee Chair

* Prof. Leszek Malkinski, Summer School Student Selection Committee Chair &
Summer School Treasurer

* Prof. Bethanie Stadler, Summer School Local Organizing Committee Co-Chair

* Prof. Randall Victora, Summer School Local Organizing Committee Co-Chair

M» %/!\EGEI\EETICS

UNIVERSITY OF MINNESOTA
and Information

Technologies

The Center for
Micromagnelics

SEAGATE

2015 IEEE Summer School — June 14-19, University of Minnesota



Fundamentals of Magnetism

Overview: 2015 IEEE Summer School Lectures

* Fundamentals of Magnetism (L. H. Lewis, Northeastern U., USA)

* Magnetic Measurements and Imaging (R. Goldfarb, NIST, USA)

- Magnetization Dynamics (B. Hillebrands. TU Kaiserslautern, Germany)

« Spintronics and Promising Applications (J. P. Wang, U. Minnesota, USA)

- Magnetic Data Storage Technologies (K. Gao, Seagate, USA)

« Magnetic Materials and Applications (R. Schaefer, IFW Dresden, Germany)

* Modeling and Simulation (G. Bauer, Tohoku University, Japan, and TU Delft,
The Netherlands)

* Magnetic Materials in Biomedical Applications (T. St.Pierre, U. W. Australia)
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Anticipated Outcomes from these Lectures

At the end of this lecture, students will know something about.....
« How magnetism benefits society
« Basic electromagnetism
* Magnetic exchange
« Paramagnetism, ferromagnetism, antiferromagnetism
* Magnetic anisotropy
* Magnetic domains
« Magnetofunctional effects and order parameters
* Magnetic materials selection
* Magnetism units
« Resources for textbooks

2015 IEEE Summer School — June 14-19, University of Minnesota
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Overview:
Magnetism — History, Context, Applications

(or: “why should | care?”)

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetism History and Context

Pivoting compass
needle in a 14th
century copy of
Epistola de
magnete of Peter
Peregrinus (1269)

Han Dynasty (2nd century BCE to 2nd
century CE). Navigation? Feng Shui?

Lodestone (magnetite, Fe;0,)
attracting nails. Magnetized by
lightning?

William Gilbert,1544-1603
De Magnete ("On the
Magnet”, 1600) quickly
became the standard work
throughout Europe on
electrical and magnetic
phenomena. Gilbert tested
many folk tales such as,
Does gatrlic destroy the
magnetic effect of the
compass needle?

http://www.bbc.co.uk/programmes/p003k9dd

N
2015 IEEE Summer School — June 14-19, University of Minnesota
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Novelty applications of magnetism

AGES 4
AND UP

MAKe a rACE

Magnetic pain treatment

Magnetic nail polish

“Magnetic Snore Relief Device
Aids in Reducing Snoring to
Provide Good Nights Sleep
(comfortable, small size as a
wedding ring)”

Therion Magnetic Pet Bed

2015 IEEE Summer School — June 14-19, University of Minnesota
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Modern Magnetic Technology — Everywhere!

« Magnetic Material Systems
— Spintronics (electron + spin)
— “Soft” magnets
— “Hard” or permanent magnets

http://
www.medscape.com/
viewarticle/712338 7

« Advanced Applications:
— Computer technology

— Electrical distribution
transformers

— Sensors, Motors

« Other Applications:
— Drug delivery
— Cancer therapies

— Biosensor
OSEeNSOors http://www.scs.illinois.edu/suslick/sonochemistry.html

2015 IEEE Summer School — June 14-19, University of Minnesota



Magnets and Transportation

Potential Automotive Applications
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Magnets and Energy

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnets and the Military

Equipment/Hardware Communications

2015 IEEE Summer School — June 14-19, University of Minnesota
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Spintronics = “Spin transport electronics”

Create multi-state devices that utilize both charge & spin of electrons....

2015 IEEE Summer School — June 14-19, University of Minnesota
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multi-component Modern Magnetic Devices:

« Majority of future magnetic devices will be based on
a multi-component nanoscale architecture.

example: Giant magnetoresistive (GMR) “Spin valve”: SPINTRONICS

Contact

Electrical resistance varies with relative

Antiferromagnetic - - :
Exchange Film magnetic layer orietation

Cu
Conducting

Spacer Typical dimensions < 200 A

Free Layer

2015 IEEE Summer School — June 14-19, University of Minnesota
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Medical Devices: Magnet in a Microfluidic Chamber

Step 1: Surface modification of Iron oxide NPs with antibodies to target
circulating tumor cells (CTCs)

@Y

v

Iron oxide NPs Cell specific Antibody coated
Antibody Iron oxide NPs
Step 2: Trapping of CTCs of interest in a microfluidic chamber using
magnetic fields -
-

Target Cell lc\l:glr;-Target

- »
MAGNET MAGNET

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Cell Separation

Cancer Detection using
Magnetic Nanoparticles

A important goal in
biomedicine is the
detection of minute
amounts of cancer

.~
Mo
-~

Current-carrying wire
»

Non-Target Cells
Target Cells

cells — especially in the
earliest stage of
development. Using
MNPs as an agent for
separation, a small
number of cancer cells
can be concentrated and

) au— R

§ Reusable

(c) = Bt — )
o & _© °
x = w(2/3) R > SR 1
x= w(l/3) ’-""’n
o o o
L ——
I togeicen © Nea-Target Celt

collected for assaying.

B.D. Plouffe, L.H. Lewis, and S.K. Murthy. “Computational Design Optimization for Microfluidic Magnetophoresis,” Biomicrofluidics 2011
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Geomagnetism, Cosmomagnetism

Wandering magnetic pole!  ggomagnetic Reversal — Die-out of life on Earth?

European
180° path

——

http://
cache.io9.com/
assets/images/
8/2011/02/earth-
magfield.jpg

North
American
path

-

N o, ‘Y ':, A’N:QQOIQE; Tf
- / f N

\ Ny o A\
OO N
X N 6‘00\f { S

\ 5
2

Magnetism in
meteorites
contribute to
understanding of
origins of
universe

West 0° East

From H. Levin, The Earth Through Time, 4th
Ed., Saunders

(from oldest to youngest: Ca = Cambrian; S =
Silurian; D = Devonian; C = Carboniferous; P =
Permian; T = Triassic; J = Jurassic; K =
Cretaceous; E = Eocene)

National Museum of Wales
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Scientific & Technical Aspects of Magnetism

Magnetism Basics
Electrons & Atoms

Clusters to Solids
 Localized vs. Itinerant Electrons
« Magnetic Domains

Hysteresis
Experimental Methods
References

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetism Basics

Macroscopic Origins: Electricity and Magnetism

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnets

Electromagnet (wire coil)

Permanent Magnet “current-induced magnetism”

Enn".ﬂl;wnu 1l

“

elastic band

Dynamo Effect
Due to convection of molten iron,
within the outer liquid core, along
with a Coriolis effect.
What about the earth? When conducting iron fluid flows
across an existing magnetic field,
electric currents are induced, which in
turn creates another magnetic field to
reinforce and sustain the field.

What is common about all these magnets?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Origins of Magnetism

|| Magnetic fields are generated from moving charges. ||

Electromagnet
- an applied voltage makes electrons flow/move -
- moving electrons generate a magnetic field -

_____..——-,—,,—-«-w.tmuww« NN e

—

elastic band

What about permanent magnets?
Where is the current?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Current-carrying wire = magnet!

* Note similarity in flux
lines between current in
a ring (top) and a bar

magnet (bottom)

2015 IEEE Summer School — June 14-19, University of Minnesota
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Basic Electromagnetism

* A magnetic field is produced whenever there is electrical
charge in motion

— Conventional currents or “Ampeérian” currents are due to motion
of electrons in a solid

A current of 1 ampere passing through 1 meter of
conductor generates a tangential magnetic field strength
of 1 amps/m at a radial distance of 1 meter

2015 IEEE Summer School — June 14-19, University of Minnesota
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Calculations of magnetic field strength

* Question: How to calculate magnetic field strength
generated by an electric current?

1
dr

iol x7

+ Answer. the Biot-Savart law (1820) 0H =

2

— I = current flowing along an elemental length 5; of conductor
— 7 is a unit vector in the radial direction

— OH is the contribution to the magnetic field at r due to the
current element ;]

2015 IEEE Summer School — June 14-19, University of Minnesota
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Question:

How are electric fields and magnetic fields
related?

2015 IEEE Summer School — June 14-19, University of Minnesota
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A: Faraday's Law & Ampere’s Law

Michael Faraday, 1831

b
ot

2015 IEEE Summer School — June 14-19, University of Minnesota
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What do magnetic field look like?

Flux distribution in a motor

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Induction B & Magnetic Field H

* Question: What is the relationship between B and H?

* Answer. When a magnetic field has been generated in a
medium by a current in accordance with Ampere’s law,
the medium will respond with a magnetic induction B
( “magnetic flux density”)

- The magnetic “flux density” is given in webers/m? = B

* 1 weber per square meter = 1 Tesla

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Induction B & Magnetic Field H

—

B=u, (F] +M) + Sl units (Sommerfeld)

B=H+4axM + EMU (Gaussian)

2 contributions to B: one from the field, one from the magnetization in a material

1 oersted =1 Oe = (1OOO)A =79.58é
4 | m m

«1gauss=1G= 10T

.1 M 10002
cm m

2015 IEEE Summer School — June 14-19, University of Minnesota




Units for Magnetic Properties
Fundamentals of Magnetism .

Symbol Quantity Conversion from Gaussian and cgs emu to SI
Units o magnetic flux 1Mx — 108 Wb = 108Vv's
B magnetic flux density, 16— 107 T = 107" Wb/m?
magnetic induction
° Can be extremely H magnetic field strength 1 Oe — 10°%/(4n) A/m
COﬂfUSing! m magnetic moment 1erg/G=1emu— 10> Am? =102 )T
M magnetization 1 erg/(Gem’) = 1 emufem® — 10° A/m
4™ magnetization 1 G — 10%(4n) A/m
° . I o mass magnetization, 1 erg/(G'g) = 1 emu/g — 1 A'm’/kg
http://www.nist.gov/pml/ magnetaaton
eleCtrOmag netICS/ j magnetic dipole moment 1 erg/G = 1 emu — 4rx x 107 Wb'm
magnetics/upload/ 3 megneticpolarzation 1 ergl(Gem) = 1 emujem® — dmx 10T
magnetic_units.pdf wx  susceptibiity S
%o mass susceptibility 1 cm?/g = 4n x 10~ mi/kg
m permeability 1 — 4n x 107 H/m = 4n x 10”7 Wb/(A'm)
e relative permeability H—
w, W energy density 1 erg/em’ = 107! )jm?

N, D demagnetizing factor 1—1/(4n)

Gaussian units are the same as cgs emu for magnetostatics; Mx = maxwell, G = gauss,
Qe = cersted; Wb = weber, V = volt, s = second, T = tesla, m = meter, A = ampere,

2015 |IEEE Summer School — June 14-19, University of Minne JaaBe iRl CuR R L0 S
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Developing intuition....

* What is the magnitude of the Earth’s magnetic field?
— A: Earth’s magnetic field H=56 A/m (0.7 Oe), B=0.7 x 10* T

* Q: What is the saturation magnetization of iron?

— A: Saturation magnetization Mg (T=0 K) of Fe = 1.7 x 10° A/m
or22T

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic moment and magnetization

« Magnetic moment u of a current loop [i =[A

A
* The torque Tona dipole in the presence Q of '
a magnetic field in free space = T = U X B . . v
A 7]
\r
= s —e
: = T I
So in free space m=—"= ‘ﬁ
MO H Copyright © Addison Wesley Longman, Inc.
U B S X M
Permeability: ¥ = —=-; Susceptibility: £ = —=-
y 7, P y H

2015 IEEE Summer School — June 14-19, University of Minnesota




Fundamentals of Magnetism
L

Atomic origins of magnetism

2015 IEEE Summer School — June 14-19, University of Minnesota
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Origins of Magnetic Moments: Simple View

Magnetic moments arise from electron motions and the “spins”

on electrons.

magnetic moments

A
<
nUCIGUS Spm Adapted from Fig. 18.4,
Callister & Rethwisch 3e.
electron orbital electron

motion spin

Net atomic magnetic moment = sum of moments from all electrons.

2015 IEEE Summer School — June 14-19, University of Minnesota
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magnetism: atomic origins

: eh
J magnetic moment ug = ——

2m,
spin

\_/

orbit

parallel magnetic
spins

——>——> > >
—> ——> f——>—>
—> > >
——>——> §——>—>

Parallel spins = “ferromagnetism”

» Feature: Curie Temperature

— The temperature above which a ferromagnetic material loses
its magnetism

2015 IEEE Summer School — June 14-19, University of Minnesota
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magnetism: atomic origins

: eh
J magnetic moment ug = ——

2m,
spin

\_/

orbit

antiparallel magnetic
spins

—> > 3>
~——— fw—a— <o —fa—
=>%> >G>
~—a—— —u— - —— e —

antiparallel spins = “antiferromagnetism”

* Feature: Neel Temperature

— The temperature above which an antiferromagnetic material
loses its magnetism

2015 IEEE Summer School — June 14-19, University of Minnesota
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Curie temperature comparisons

Temperature (°F)

~400 0 400 800 1200 1600

=

= \ —120,000 <
% 15— | | é
Sm Pure Fe m«;
= \ —{ 15,000
S -
-— o
R 1.0 =
© X
) —110,000 =
= S
S ©
% 0.5 — \ £
s \3304 —{5,000 »
[7p]

| \ | 5

0
-200 0 200 400 600 800 1000
Temperature (°C)
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Categories of Magnetism

 Can utilize the susceptibility ¢ to categorize types of
magnetism:

— ~ is small and negative (~ -10° -10°): DIAMAGNETIC

« examples: gold, copper, silver, bismuth, silica, many
molecules (and superconductors)

— ~ is small and positive (~ 10-3 or 10-°): PARAMAGNETIC
« examples: aluminum, platinum, manganese

— ¥ is large and positive (>>1; 50 — 10,000): FERROMAGNETIC
« examples: iron, cobalt, gadolinium

WILL BE REVISITED LATER IN THIS INTRODUCTION

2015 IEEE Summer School — June 14-19, University of Minnesota
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The Quantum World of the Electron

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetism of Electrons

The magnetism of an electron is
rooted in quantum mechanics NO ONE ToLD ME

THAT | WAS GOING
TO HAVE TO woRK
WITH Hen'

An electron is both a particle and
a wave. In wave mechanics, the %
electron is represented by a

complex wave function 1/)

N.HARO WG

http://stochastix.wordpress.com/2007/09/06/wave-particle-duality-a-cartoon/

Y (17)1/)(17)531” is the probability (0 & 1) of finding an
electron in a volume &°r at a position 7.

2015 IEEE Summer School — June 14-19, University of Minnesota
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The Schroedinger Equation

 One can solve for the motion of the electron in a
particular potential by solving the Schroedinger Equation:

Hy = Ey
where H is the Hamiltonian Operator and E is energy.

- §\ = Planck’s constant

For a single ele_ctron In a . 'm, = mass of electron
central potential: . 7 = atomic number
* e = charge of electron
o, Ze 9= o1
H=——V" - * gy = permittivity of free space
2m, 47we,r « r=radius

2015 IEEE Summer School — June 14-19, University of Minnesota
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What do solutions to the
Schroedinger Equation look like?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Solutions to the Heisenberg Equation

eg orbitals

d orbitals!

2015 IEEE Summer School — June 14-19, University of Minnesota
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How do we get those shapes? (<™

« Radial electron |
probability density: &@_,

For a single particle in three dimensions:

0 h?
Zha"p - _%VQ"I) + V(il?,y, Z)’l,b
where
= vy is the wavefunction, which is the amplitude for the particle
= m is the mass of the particle.
= Mxy.z) is the potential energy the particle has at each position.

Solve the Schroedinger Eqn. in spherical coordinates

2015 IEEE Summer School — June 14-19, University of Minnesota

0o 1 2 3 4fr 0o 1 2 3 & f
Ruo ’RY,
06
o
02 .
01 \2 6 10 0.05
-02 T 0
0 2 6 10T
Ry t’Rzll
0.12 0151
0.08 0.1
0.04 0.05-
0 0
02 6 0T 0 2 6 10T
Ry, R},
04
0.08
02
4 8 12 16 0.04
0
0.1 r 0
0 4 8 12 167
Ry rRY,
0.08 0s]
0.04 .
0 8 12 16 044
> i
ol
R 0 4 8 12 167
Ry TR,
0.04
0.8
0.02 04
0 0
0 4 &8 12 167 0 4 8 12 16T

Radial functions Ryy(r) and radial distribution functions r°R y(x) for
atomic hydrogen. The unit of length is a,, = (m/},) ag, where 23 is the
first Bohr radius.
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Orbital and spin moments - revisited

* Quantum mechanics lead to understanding of the I\
quantization of angular momentum of elementary particles.

 Electrons have angular momentum: - =
. . A [
— from orbital motion around the nucleus; "~
— from spin of the electron T -e
i

« Definition of angular momentum: [ = mj XV i
— Application to magnetism:

: e 3 : :
magnetic moment m = —2—1; angular momentum is quantized:
m

e

e

component of m in a particular direction: m_ = _ﬁmzh
m, = orbital magnetic quantum number ‘
eh

— = U, = Bohr Magneton!!
2m,

2015 IEEE Summer School — June 14-19, University of Minnesota
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Properties of Electrons

e Ocecur in discrete (quantized) energy levels or orbitals around the nucleus
« Behave as particles with wave-like properties

e Position of an electron in space around the nucleus is a probability function
defined by 4 quantum numbers
n — principle quantum number (= 1, 2, 3, 4...)
defines the energy level of the primary electron shell

| — azimuthal quantum number (= n -1)
defines the type and number of electron subshells (s, p, d, f, ...)

m — magnetic quantum number (= +/ to -/)
defines orientation and number of orbitals in each subshell

s — spin quantum number (= +1/2 or -1/2)
defines direction of spin of the electron in each orbital

2015 IEEE Summer School — June 14-19, University of Minnesota
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TABLE 3.4 Summary of the Three Quantum Numbers

Principal Azimuthal
Quantum Quantum Number of Maximum
Number, n Number, / Subshell Magnetic Quantum Orbitals in Number of
(Shell) (Subshell) Designation Number, m (Orbital) Subshell Electrons
1 (K) 0 ls 0 1 2 2
2 (L) 0 25 0 1 2 8
1 2p -1,0, +1 < 6
3(M) 0 3s 0 1 2
1 3p -1, 0, +1 3 6 }18
2 3d -2,-1,0, +1, +2 5 10
4 (N) 0 4s 0 1 2
2 4d -2,-1,0, +1, +2 g 10
3 af -3, -2, -1,0, +1, +2, +3 7 14

Recipe to build the Periodic Table

2015 IEEE Summer School — June 14-19, University of Minnesota
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|

Quantum Mechanical Exchange: J

* Electrons interact via quantum mechanical rules:
— Pauli principle: 1 electron per quantum state

Imagine 2 electrons that change places in an interaction.
Since electrons are indistinguishable:

w(12) =) g

Symmetric
AND

"IJA Anti-symmetric

Electrons are “fermions” thus (1,2) = -y(2,1)

2015 IEEE Summer School — June 14-19, University of Minnesota
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The Exchange Force

« Construct a system f(spin) & f(position):

W, = ﬁb(”l-z)l/}(slasz) + ¢(r2-1 )W(Szasl)

« Conclusion: when one tries to put two electrons in the same
place, there is zero probability of finding them there: it is as if
a FORCE is keeping them apart. ]

This is the EXCHANGE FORCE: ¢ = -2(?)§1 5,

where J is the “exchange integral” that describes interelectronic
interactions:

J = fl/)l*(r')z,/);(r)H(r,r')qu(r)l/)z(r')dr3d3r

2015 IEEE Summer School — June 14-19, University of Minnesota
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L ocalized vs. ltinerant Electrons

Magnetic behavior is derived from interactions
between electrons

2015 IEEE Summer School — June 14-19, University of Minnesota
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Approach depends on the system character -

Electron is given away

» “Localized” systems: electrons
are identified with a particular
site or atom (oxides)

Atom with Needs an electron
spare electron to become stable

Localized electron system - “Itinerant” systems: electrons

belong to the entire system; in
a sea of electrons (metals)

i nn%ggggéfn s)

* (what about in-between? =
“Strongly correlated electron
systems”)

ltinerant electron system

2015 IEEE Summer School — June 14-19, University of Minnesota
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Localized electron magnetism: “crystal field theory”

Example = Perovskite ABO4 e
(LaMnQO,, etc) Y.
A S v

X dy
¥ \\\\\ I’
[
X
Octahedral interstice ]
x2-y2

Transition-metal d-orbitals

Example = spinel ferrite AB,O,
(Fe;O,, ZnFe, Oy, etc....)
Q0"
st
ol oo, n
e “f,' Vo i
@s: N Mg
R R I
F— " =)=t

tetrahedral interstice

2015 IEEE Summer School — June 14-19, University of Minnesota
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The distribution of electrons in a “localized” solid is
described using Crystal Field Theory

The effective field “felt” by an electron is called the
Crystalline Electric Field or “CEF”

2015 IEEE Summer School — June 14-19, University of Minnesota
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1 // ED
/ dg_Jz. a

1] F‘\/ |
dyy. Oyz. Oz

Octahedral configuration

o —

Energy

dxy» dyza dxz

Energy

de2_,2,d,2

Tetrahedral configuration

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic moment: high-spin vs low-spin

MnO = Mn2+Q%

A ]
K &g
Low spin’
1T ug o
&
t2g
High spin: 5 ug

©1996 Encyclopaedia Britannica, Inc.
Mn =1s2 2s2 2pb 3s2 3pb 3d° 4s2
Mn?* =1s2 252 2p® 3s2 3p® 3d°

2015 IEEE Summer School — June 14-19, University of Minnesota
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Superexchange: TM-oxide-TM bonding & magnetism

Note

<a> “
3d 3d z"3d H 1
o * antiferromagnetic and

ferromagnetic
(b) .'o : interactions here
(Goodenough —

Kanamori rules)

Journal of Physics D: Applied Physics
Volume 45 Number 3
T T T Matthias Opel 2012

2015 IEEE Summer School — June 14-19, University of Minnesota




Itinerant magnetism: use Band Theory

 The band model, proposed by Bloch, is a molecular-
orbital model of metallic crystals.

e Orbital characteristic of the whole crystal obtained as
linear combinations of the atomic orbitals of the
individual atoms.

V(1) = ) 001) + Gy 02) + C,0(8) + .+ 6 0N

“LCAQO” method: Linear
Combination of Atomic Orbitals

2015 IEEE Summer School — June 14-19, University of Minnesota
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How to build electronic energy bands

2015 IEEE Summer School — June 14-19, University of Minnesota
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Building a crystal

 Consider the formation of a linear array of lithium atoms
from individual lithium atoms:

i Li-Li Li-Li-Li  Li-Li-Li-Li ...
(Li,) (Lis) (Liy) ...

* Li,: 2 Li atoms bound together by a pair of valence electrons:

— each lithium atom supplies its 2s-electron which, through orbital
overlap, forms a covalent molecular bond

* Liy: 3 atomic valence electron clouds overlap to form one
continuous distribution.

2015 IEEE Summer School — June 14-19, University of Minnesota
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Building a crystal.... ©®
@ < °v
_ALIW @

Lio

* As the length of the Li chain _AA
is increased, the number of 000,
electronic states into which &P ’
the atomic 2s state splits _AAA| v A
also increases | 0C0)

AAN

— the number of states =

-

Eﬁn

number of atoms. S ] 5
_

-

 Finally obtain the symmetry
and size of a lithium crystal  @@8® Ay
_AAAA_‘“’ m

Lig AN

C= bonding state
¢ = antibonding state m

07~ ron bonding s _AAAA_

2015 IEEE Summer School — June 14-1 9, UniverSity of Minnesot| Figure 3  Formation of molecular chains of lithium atoms.
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Result: The “manifold” of energy states

p band

Energy gap

Energy

- — s band

number of atoms

Figure 4 Formation of energy bands from energy levels of constituent atoms

2015 IEEE Summer School — June 14-19, University of Minnesota
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Energy Bands! cont'd

- Bands of allowed electron
energies ~ overlap of s

2p levels /-/ empty 2p energy band (ov_erlapping
/ the half filled 2s band of Li)

electron wave functions. O~ e

{ half filled 2s energy band

« The width of each energy
band is a function of the
crystal structure because it
determines the number of
nearest neighbors in the
crystal.

isolated atoms solid

2p level

B -

narerygy

2s levels

smpty

filled

Fig. 5 Schematic energy band configuration for Li .
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A Few Definitions...

* Valence band: highest energy band, at least partially occupied
« Core band: includes all the energy bands below valence band
« Conduction band: band with higher energy than valence band

- Band gap: Magnitude of “forbidden zone” between valence &
conduction bands A overlap

* Fermi Level: the
energy of the highest
occupied quantum state
at absolute zero
temperature.

Electron energy

metal semiconductor insulator

2015 IEEE Summer School — June 14-19, Universiiy of Minnesota
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Band Magnetism

» Stoner Criterion: D(EF) -[>1

Energy

~

— D(E;)is the density of states at

..................... Density of the Fermi Level;
states

Fermi level

— lis the Stoner parameter which
Spin up Spin down is a measure of the strength of
the exchange correlation

A schematic band structure for the Stoner
model of ferromagnetism. An exchange _
interaction has split the energy of states with * Ni~ 0.6 ug/atom
different spins, and states near the Fermi level . ~

P Co ~ 1.6 ug/atom

are spin-polarized.
 Fe ~ 2.2 yg/atom

— Spin moments:

2015 IEEE Summer School — June 14-19, University of Minnesota
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Slater-Pauling (-Bethe) Curve

|

& & 5 b
| D D

&

Atomic moment in Bohr magnetons

2015 IEEE Summer School — June 14-19, University of Minnesota
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From bonds to bands

At t Mn:iis : U...
B T .
MM n"" O2 .:2p6

Mn:3d 3

JAHN-TELLER PHENOMENA IN SOLIDS

Annual Review of Materials Science

Vol. 28: 1-27 (Volume publication date August 1998)
J. B. Goodenough

2015 IEEE Summer School — June 14-19, University of Minnesota
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Categories of Magnetic Order

Paramagnetic
Ferromagnetic
Antiferromagnetic
Ferrimagnetic

2015 IEEE Summer School — June 14-19, University of Minnesota
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Behavior of Magnetic Materials

Diamagnetism Paramagnetism Ferromagnetism
m = xH = tanh ) — Hysteresis m, mg
— 2 2, 2 - -
x=-(e“/6mc")r y=gsu/k. T , -, Lo [__
— ’ \L ,’ I/
i 2 / H 1
Field E 0 0 0 o | .
Dependence c , ! )
Vs /' / 7\
P2y 2 N I AR S A 7
_ 7
0 0 0
H (Oe) H (Oe) H (Oe)
Paramagnetism Ferromagnetism
0.01 1 100 1
m=yH

x=C/T

= paramagentic
= H~small % phase
Temperature 5 m=(CH) (1/T) e
Dependence = & | ferromagnetic
® phase
=2
3 Curie
temperalture
0 100 200 300 0 200 400 TC 600
T (K) T (K)
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Diamagnetism vs. Paramagnetism

M
_,_‘ M=yH ’ Appropriate for
%<0 atoms/molecules
> T,  with closed-shell
i % = constant configuration
W, slope=y oo
- Magnetically-levitated frog

http://www.ru.nl/hfml/research/levitation/diamagnetic/

Dramagnetism
My A 1
+ " slope=y LE T Appropriate for atoms/
H molecules/materials with
> > no interelectronic
M=y¢H T : .
interaction (J = 0)
= >0
Paramagnetism

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html
2015 IEEE Summer School — June 14-19, University of Minnesota
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Schematic representation of magnetism types

All are technologically important

@ AV<P >R TVNEC o amagnetic M=0

wp) PP AP AP AP A —— Ferromagnetic M>0
@ PVt VAV Ar VAV A Antiferromagnetic M=0
@ A v AV AV AV AV A > Ferrimagnetic M>0

** The simplest model to describe ferromagnetism is the Ising Model, where the
spins are either “up” or “down”

2015 IEEE Summer School — June 14-19, University of Minnesota
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Classes of Magnetic Materials

Class Critical Magnitude yx Temperature Structure
o uctu
Temperature 1 Variation
Diamagnetic one weak Neaqative Constant No permanent dipole moment
(Al, other metals) ~106 10" d - SeeA
Paramagnetic none moderate _ o No permanent dipole moment Dipoles
(Cu doped with Fe) ~105-1073 x do not interact - See A
Ferromagnetic Curie T strong Above T, x = C/(T-Q) Permanent dipole moment (parallel) -
(Fe, Ni, Co) ¢ > 103 Q~T, See B
Antiferromagnetic Neel T moderate Above Ty, x = C/(TxQ) Permanent dipole moment
(MnF,) N ~105 - 103 Q=T (antiparallel) - See C
Ferrimagnetic Curie T strong Above T, x=C/(T+Q) Permanent dipole moment (unequal
(Fe;0,) c > 103 Q~T, antiparallel) - See D
i stron
Su p:erpara:trjallgr)\etlc Blocking Tg - 102 Above T¢, x=C/T Permanent dipole moment below Tg
nanoparticles

2015 IEEE Summer School — June 14-19, University of Minnesota
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Temperature-dependent magnetism for T > T 4o
_ C
M * (@) Paramagnetism: x = e
— C = Curie Constant =
o W o-Mwgsuen o o= tae
// 3k‘3 ’ kB
S ¢
2 . C
// W (b) . (b) Ferromagnetism: ¥ =——
L ./ T_ 9
i - J>0
‘0_,/° T — 0= Paramagnetic ordering
S nn el temperature .
d ) .
(9) * (c) Antiferromagnetism: x = — p
~ J<0 o

(note: 7 (total angular momentum) # J (exchange constant)

2015 IEEE Summer School — June 14-19, University of Minnesota
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Review and Self Test: Categories of Magnetism

* v is small and negative (-10 ~ -10-%)?
DIAMAGNETISM

— examples: Au, Cu, Ag, Bi, silica, molecules (& superconductors)

e v is small and positive (~ 106 ~ 10-4)?
PARAMAGNETISM

— examples: aluminum, platinum, manganese

* v is large and positive (>>1; 50 — 10,000)?
FERROMAGNETISM

— examples: iron, cobalt, gadolinium

2015 IEEE Summer School — June 14-19, University of Minnesota
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Sources of Magnetic Anisotropy

2015 IEEE Summer School — June 14-19, University of Minnesota




Fundamentals of Magnetism :

Magnetic Anisotropy = moment alignment

Magnetic anisotropy = directional -dependent magnetic properties

A magnetically anisotropic material aligns moment to an “easy axis”

Sources of Anisotropy:

« Shape anisotropy

* Magnetocrystalline
anisotropy

« Stress anisotropy

T i o \ \\\\\\\‘
| N/ /) ) \\\\A
« Exchange anisotropy ==/ // )} NS

2015 IEEE Summer School — June 14-19, University of Minnesota
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Shape anisotropy and Demagnetizing Factor

« Geometric effect; always present

* N = “demagnetizing factor”

Magnetization Produces Apparent

Suface Pole Distribution — N = 0: needle, thin film
s g — N =1:infinite plate
—*12? Hp nn" —> — 0 = N <1: everything else
TN * (sphere: N = 1/3)

Demagnetizing Field Due to
Apparent Surface Pole Distribution

Hi= Hg Hp Hlnt =H

Hp= NM

NM

appl —

N= demagnetizing
factor

http://www.irm.umn.edu/hg2m/hg2m_c/hg2m_c.html

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetocrystalline anisotropy

| Magnetite | Moments have different energies

in different directions in a crystal

~
(=]
T

[100] - hard direction =z

] | A
[111] - easy direction Medium !:Tm 1.2 rf /

Cobalt
Bandc (300 K)

A e

N 0.8 /
0 50 100 150 200 250 300
o A oal/ |

Moment (Am )2
[y
th

[y
o

M 10 A/m

12 R, ;‘ 0 40

- By

0 80

\ > | H, 10* A/m

Uniaxial system:  E(0,¢)=K,sin* 0+ K,sin* 0 +---

http://www.irm.umn.edu/hg2m/hg2m_c/hg2m_c.html  http://www.physics.montana.edu/magnetism/Research/Nanoparticles.html
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Exchange anisotropy

* Found in AF/F

T systems, under

5 appropriate
ey conditions

a
1
i
s
1

=

Hes
N H * Relevance to

e magnetic recording
media

2015 IEEE Summer School — June 14-19, University of Minnesota
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Superparamagnetism: no anisotropy (T>Tjg)

SUPERPARAMAGNETIC Magnetic particles can be so small that

NANOPARTICLES! thermal energy rapidly flips the magnetic
moment from one orientation to another.

km
W Néel Relaxation

Energy

T =1, exp (Eg/kgT)

T, =10 sec

0  Orientationangle =«

Blocking Temperature (Tg)

For t=10% sec, Eg/kgT; =25

2015 IEEE Summer School — June 14-19, University of Minnesota
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Superparamagnetism
600 Superparamagnetic .
S FCM blocking temperature T g & ¢
£ 500 |
g
© 400
o
§ 300-
8 200-
gwo- '."
[1v]
e
0 10 20 30 40
Temperature / K
KV KV http://nano.phys.cmu.edu/
TB - ~
k.In(20
k, 1n(fm) »1n(20)
TO

2015 IEEE Summer School — June 14-19, University of Minnesota 79
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Hysteresis and Magnetic Domains

2015 IEEE Summer School — June 14-19, University of Minnesota
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Hard and Soft magnets

* The application must be matched to the coercivity
(magnetic hardness) of the material.

saturation magnetization
remanence
coercivity - Hard magnetic material
\ Soft magnetic material

C

(e

©

N

2

S demagnetized

©

E Il

Microstructure
controls the coercivity
field

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic domains

Domain wall separates regions of uniform
magnetic polarization

yrans
B
&

DW

1

unfavorable more favorable

Domain wall behavior connects structure to magnetic properties:
« Easy vs. difficult domain wall movement
» Control by microstructural design

2015 IEEE Summer School — June 14-19, University of Minnesota
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Domain walls

« Scale of magnetic interaction determined by the domain wall
thickness.

- Key = “Magnetic Exchange Length” L,

m\ L, = thickness of magnetic

| transition near interface =~ V

A
K

A = “exchange constant” K= _Magnetic anisotropy

. L Describes moment
Describes spin stiffness .
direction preference

Materials properties:

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Domain Images: Nd,Fe, B

Sintered (polycrystalline)  nanocrystalline
Grain size ~ 10 um Grain size ~ 20 nm

Single crystal

o
AR AR R A e e

e
e

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic domains

Flower patterns
from out-of-plane
uniaxial anisotropy

Branching pattern
24 | from misorientation of
S B {| magnetization to ,
ey | samplesurface | R
Example magnetic domains in uniaxial materials:
NdFeB and Co Pl

3
>

2015 IEEE Summer School — June 14-19, University of Minnesota
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Relationship between magnetism & particle size

SD %

- / % MD R
Unstable ' Stable Z SPM = ti
: > | é superparamgnetic

SPM

SD = single domain

Coercivity H .

MD = multidomain

d « PSD = pseudo-single
Particle diameter d ———p domain
I | | Magnetite
0.03 0.08 20 pm
| | | Hematite
0.03 15 ?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Materials &
Characterization Techniques

2015 IEEE Summer School — June 14-19, University of Minnesota
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The Periodic Table & Magnetism

s-block
1 New Designation
[4 Ongmnal Destgnation

1
H 2 Atomic #
1 1.0094
114 Symbol
;_S'bIOCk . Atomic Mass
2 d-block
Transition Metals
4 s (i} 7 8 g 10 11 12
3 ‘ I[IB IVE VB VIB VIIE ,—VIHE —~ IBE IIB
'8 4
=
- ¥]
M S
6
7

Metals

s-block
18
VIILA
Non-Metals 3
13 14 15 16 17 4'0'!";50
A VA VA VIA VIAS
S pblock T\
3 7 3 9 10
C [ N|O | F |Ne
12011 [14.007 (15999 L A
14 [15_ |16
P | S
530974 |32.06
33 34
As | Se
: 74 922 |718.96
S0 |5 7
In |Sn | Sb | Te
114.82 %18.71 121.75 f27.60 [126.91 [131.29
¥] bk i = o
Pb | Bi | Po | At | Rn

207.2

208 95 [(209

(M lass Numbers in Parentheses are
from the most stable of common

(2101
Phases

(222)

150tOPES.)

Solid
Liquid

Gas

Rure Earth d-block s
Elements

Lanthanide Series

Actinide Series

2015 IEEE Summer School — June 14-19, University of Minnesota
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Materials defects impact magnetic properties

* 0-D: point defects, places where an atom is missing or

irregularly placed in the lattice structure.
— lattice vacancies, self-interstitial atoms, substitution & interstitial

impurity atoms

* 1-D linear defects: dislocations =
groups of atoms in irregular positions

« 2-D: planar defects =interfaces between
homogeneous region of material.
— grain boundaries

— stacking faults
— external surfaces

2015 IEEE Summer School — June 14-19, University of Minnesota
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Point defects

10 15
Time {ms)

1 {nA)

.T i 1 1.1
Time (ms)
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Functional magnetic effects

* Magnetocaloric: temperature change on application of H

- Magnetostrictive: shape change upon application of H
- Magnetoresistive: resistivity change upon application of H

« Can you think of applications?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Question: How to describe magnetofunctional
(“multifunctional”) effects?

Answer. “Order parameters” and Landau Theory
of phase transitions

2015 IEEE Summer School — June 14-19, University of Minnesota
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Landau Theory of Phase Transitions™

Order parameters and a general theory of phase transitions

Based on idea of “critical point” that marks the transition from one state to
another. -

* The trend of the parameter change is described
by the “critical exponent”

Critical Point Order Parameter m

Ferromagnetic Magnetic moment 1044.0
Antiferromagnetic  Sublattice magnetic FeF, 78.26

moment
Chemical order Fraction of atomic Cu-Zn alloy 739

species on one sublattice
Symmetry 1-(c/a) FePd 933
distortion

Lev Landau, (1908-1968)
Ferroelectric Electric dipole moment Triglycine 322.5 Nobel Prize 1962
sulfate

* acknowledgement: Dr. Radhika Barua & Dr. Nina Bordeaux

2015 IEEE Summer School — June 14-19, University of Minnesota
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Review of thermodynamics....

A system is stable at a given (T, P) when the Gibbs free
energy G(T,P) is minimized. 3 criteria for stability:

9°G 9°G 0°G\ (9°G 9°G
~| <0 ~| <0 . ~| - <0
oT" |, P~ | or* | \ oP" ) | dToP
1 2 3

Phase transitions are singularities in a derivative (1st,
2nd  3rd etc) of the free energy

2015 IEEE Summer School — June 14-19, University of Minnesota
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Thermodynamics continued....

= G varies with T (minimum in free energy also varies w/T)

= Write the free energy as a power series of order parameter

G=G,+GO+G,0°+G0 +--

Free energy for a second-

order phase transition
I>T.

A

= The condition G(-0)=G(0) \\\\

requires power series to only
have even powers

Q = order parameter

2015 IEEE Summer School — June 14-19, University of Minnesota
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Examine the behavior of the expression

Low temperature

1 1
G = GO — Ean +ZbQ4

G t

2015 IEEE Summer School — June 14-19, University of Minnesota
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Examine the behavior of the expression

High temperature

1 1
G=G,+-aQ’ +—bQ*
o+ 5aQ’+ b0

G t

2015 IEEE Summer School — June 14-19, University of Minnesota
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Solve for the extrema of the expression

Let a(T)=al(T -T.)
Then G =G, +%a(T—TC)Q2 +ibQ4

where a, b are temperature-independent coefficients

oG
@=a(T—TC)Q+bQ3 Y
bQ3 = a(TC _T)Q
Get two solutions:
1.0=0
1/2

2.0 = [%(TC —T)]

2015 IEEE Summer School — June 14-19, University of Minnesota
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Match up terms with thermodynamic expressions

G=G0+%a(T—TC)Q2+ibQ4 =G, +AH -TAS

AH = —%aTCQZ + %bQ“ Terms without T
_TAS — %aTQZ Temperature terms
0* =alT. ~T)/b Substitute Q2 back in

2
This is the change in heat
0 for T>T¢ capacity across the transition
IAS _ (measurable)

2015 IEEE Summer School — June 14-19, University of Minnesota
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Classic Example: the Ising Magnet

 The order parameter is M = <Em> spins can only be up or down

G=0G, +%a(T—TC)M2 +ibM4

« Spin up and spin down are identical states; G is minimized when:

0 (r>1)
M = _ 12
=+ [M] (T < Tc) -
’ >
g
w
G (T) (T > TC) g
G = 2 T —T 2
GO(T)_%a(cb ) (T<TC) | /-
L | , (|) . ) .
ACV = T(ﬁ) — _Tazcz; _ —Ta—2 Order Parameter M
v o b \ Parameters a and b
determined from M(T), C,

2015 IEEE Summer School — June 14-19, University of Minnesota
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How to measure magnetism?

2015 IEEE Summer School — June 14-19, University of Minnesota
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Superconducting Quantum Interference Device Magnetometer

SYSTEM COMPONENTS (superconducting components shown in blue)

1. Sample Rod 8. SQUID Capsule with Magnetic Shield 15, Console Cabinet

2. Sample Rotator 9. Superconducting Pick-up Coil 16.  Power Distribution Unit

3. Sample Transport 10. Dewar Isolation Cabinet 17.  Model 1822 MPMS Controller
4. Probe Assembly 11. Dewar 18.  Gas/Magnet Control Unit

5. Helium Level Sensor 12. HP Thinkjet Printer 19.  HP Vectra Computer

S Q U I D M t t 6. Superconducting Solenoid 13, Magnet Power Supply 2. Monitor
a g n e O m e e r 7. Flow Impedance 14. Model 1802 Temperature Controller

Quantum Design, Inc.
www.qdusa.com

2015 IEEE Summer School — June 14-19, University of Minnesota
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SQUID Magnetometer: How it works

SQUID
Superconducting QUantum Interference Device

= an extremely sensitive current-to-voltage converter

VOLTAGE (V)

SAMPLE CHAMBER TUBE . SAMPLE SPACE i - = .
e vicoow e ma {8 it SECOND—DERIVATIVE COIL — T
ANNULAR COOLING RESION o m
2 2
A * s s s eeTe
SUPERCONDUCTING S »
WIRE o e s o o «S.3.
T 8 g
'1 e ® o o T oMo
= g 8
D L] e o e oOeiVe
SAMPLE + 1 § . . . . . . o .
=)
e I :llnrlt';gll::::'lrmcma: +1 S
(on compusite lorm) B =
I L L] . L L] L] - L] -
/ : 5 L . L] L] . . .
L e Q R
) L] L ] L ] L ] . o .
2 L L] L] L] L] L L]
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Vibrating Sample Magnetometer (VSM):
lower sensitivity, fast measurement

—1 Sample Holder
Pickup
Coils 9
o
Vibration
along
Z-As

uniform magnetic field

Induction method: moving magnetic moment produces current

2015 IEEE Summer School — June 14-19, University of Minnesota
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Magnetic Force Microscopy (MFM)

« Scanning Probe Technique: sharp tip probes surface
forces using resonance technique

laser

detector
(magnete) » Deceptively simple
s display - Magnetic tip
sample . _
* Operates in air
, = computer
piezoelectric )_, *
scaner x Y | spm controller
1 2nd pass: magnetic force (gradient)
. . 1st pass: topography
e Magneticsignal= 4 ¥
total signal — height_y_

topographic signal

2015 IEEE Summer School — June 14-19, University of Minnesota
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(Atomic) Magnetic Force Microscopy (SPM)

MFM Image of Hard Disk Drive

Magnetic
coating

cantilever

i —

Magnetic Flat magnetic
domains sample

12GB Small Form FactorHD - 25bit/m?
(scan size : 5 x 54m)

http://www.parkafm.com/

http://www.physics.wayne.edu/~nadgorny/research2.html http://www.chem.orst.edu
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Example: domains in FePd

0.0 Height 50.0 um 0.0 Phase 50.0 um

165.6 nm

304°

2015 IEEE Summer School — June 14-19, University of Minnesota
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Transmission electron microscopy (TEM)

Electron gun
Virtual Source

= First Condenser Lens

-— ] —=. Second Condenser Lens
Condensor apertu

T |

Condenser Aperture

Specimen po = . Objective apertu
% = - :D Sample
=1 ||| =1/ Objective lens

=

Objective Lens

P Objective Aperture
Selected Area Aperture

A Diffraction lens
Intermediate apertu

Intermediate len

. Projector lenses
Binoculars

/D Fluorescent scre

! Al

Projector Lens

Main Screen { phosphor)
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Magnetic TEM

 Lorentz Microscopy
.

. ‘ B
F o qv x B :’ec:twe
charge Qe \ ﬁ

* Foucault
Microscopy

phy.cuhk.edu.hk
» Holographic
Microscopy

http://scienceblogs.com/brookhaven/2010/07
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Synchrotrons:

element-specific magnetometry & structure

I

« N

Tune radiation wavelength to
examine magnetic phenomena

2015 IEEE Summer School — June 14-19, University of Minnesota
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Neutron Scattering

When the neutrons

collide with atoms inthe .

sample material, they \Tp

change direction (are

scattered) - slagtic o Research reactor
sattedng. R &

....,.f;o"a °o e
" LB _T

o M 4

a0
Crystal that sorts and Moct
Detectors record the directions forwards neutrons of e
of the neutrons and a diffraction a certain wavelength
pattern is obtained. (energy) -~ mono-
The pattern shows the chromatized neutrons
positions of the atoms relative
to one another.

http://neutron.magnet.fsu.edu/neutron_scattering.html
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Recommended Textbooks

« David C. Jiles, “Introduction to Magnetism and Magnetic
Materials, Second Edition”

- B. D. Cullity, “Introduction to Magnetic Materials”

« R. C. O’'Handley, “Modern Magnetic Materials: Principles and
Applications”

* Richard M. Bozorth, “Ferromagnetism”
* J. M. D. Coey, “Magnetism and Magnetic Materials”

« S. Chikazumi, C. D. Graham, “Physics of Ferromagnetim”
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Review of concepts

Students should now know something about.....

How magnetism benefits society;

Basic electromagnetism,;

Magnetic exchange;

paramagnetism, ferromagnetism, antiferromagnetism;
magnetic domains; magnetic anisotropy, order parameters
How to match magnetic materials to particular applications;
Magnetism units;

Resource for textbooks.

2015 IEEE Summer School — June 14-19, University of Minnesota
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Thank you for your attention!
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