


Lecture 2

The Microscopic Picture of
Magnetic Materials

* We will now revisit the experimentally
observed magnetic behaviours and try
to understand them from a
microscopic point of view

Esse material se destina a uso interno e educacional e ndo deve ser compartilhado. Fica

proibida a sua distribui¢do sob qualquer forma, assim como a postagem em redes
sociais, em sites da internet, e equivalentes.
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Paramagnetic gas

/ e

——

o\
|

-

\

|
N\

£
~—

N

Imagine a classical
gas of molecules
each with a
magnetic dipole
moment

In zero field the
gas would have
Zero magnetization



Paramagnetic gas

* Applying a

magnetic field
would tend to
orient the dipole
moments

« (Gas attains a

magnetization



Paramagnetic gas

* Very high fields

would saturate
magnetization

 Heating the gas

would tend to
disorder the
moments and
hence decrease
magnetization



Paramagnetic gas

M * Theoretical model

 Non-interacting moments

H ¢ Boltzmann statistics

* Dipole interaction with B

* Yields good model for

A many materials
9/ B « Examples: ferrous sulfate
crystals, ionic solutions

of magnetic atoms
E =-m B cos[0]



Paramagnetic gas

e Classical model
yields Langevin
function

H
 Quantum model

yields Brillouin

function B
/WB



Exchange Interaction
* Direct exchange

Direct exchange operates between moments, which are close enough to have sufficient overlap
of their wavefunctions. It gives a strong but short-range coupling which decreases rapidly as the
lons are separated. An initial simple way of understanding direct exchange is to look at two
atoms with one electron each. When the atoms are very close together the Coulomb interaction
Is minimal when the electrons spend most of their time in between the nuclei. Since the electrons
are then required to be at the same place in space at the same time, Pauli's exclusion principle
requires that they possess opposite spins. According to Bethe and Slater the electrons spend
most of their time in between neighboring atoms when the interatomic distance is small. This
gives rise to antiparallel alignment and therefore negative exchange. (antiferromagnetic).

@1

If the atoms are far apart the electrons spend their time away from each other in order to
minimize the electron-electron repulsion. This gives rise to parallel alignment or positive

exchange (ferromagnetism)



Bethe-Slater curve

The exchange Heisenberg energy, suitably scaled, replaces the Weiss molecular field
constant in the mean field theory of ferromagnetism to explain the temperature
dependence of the magnetization

Ep=_JexSixSi+1

Differences in exchange energy of transition metals as due to the ratio of the
interatomic distance a to the radius r of the 3d electron shell



Ferromagnetism

« Materials that retain a
magnetization in zero field

rr it  Quantum mechanical
[ I exchange interactions favour
1t parallel alignment of moments
1 11

_~ « Examples: iron, cobalt

——

quantum mechanical exchange interaction



Ferromagnetism
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« Thermal energy can be

. T

used to overcome
exchange interactions

Curie temp Is a measure
of exchange interaction
strength

Note: exchange
Interactions much
stronger than dipole-
dipole interactions



Magnetic domains

 Ferromagnetic

— materials tend to form

magnetic domains

« Each domain is
magnetized in a
different direction

« Domain structure
minimizes energy due

to stray fields



Magnetic domains

* Applying afield changes
domain structure

e Domains with

magnetization in direction
ﬁ of field grow

e Other domains shrink




Magnetic domains

* Applying very

strong fields can
/\ saturate
magnetization by
creating single
domain




Magnetic domains

« Removing the field does
not necessarily return
domain structure to

P original state

J %« Hence results in magnetic
’(—/// .
hysteresis




Magnetic domain walls
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Wall Thickness "t"

Wall thickness, t, is typically about 100 nm



Single domain particles

 Particles smaller
/\ than “t” have no
domains

<t



Antiferromagnetism
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quantum mechanical exchange interaction

In some materials,
exchange interactions
favour antiparallel
alignment of atomic
magnetic moments

Materials are
magnetically ordered
but have zero remnant
magnetization and
very low x

Many metal oxides are
antiferromagnetic



Antiferromagnetism

 Thermal energy can be
used to overcome
exchange interactions

 Magnetic order is broken
down at the Neel

temperature (c.f. Curie
* temp)



Ferrimagnetism

* Antiferromagnetic

exchange
T Interactions
 Different sized
T moments on each
A sublattice

. * Results in net
! magnetization

 Example: magnetite,
maghemite



Small Particle Magnetism



Stoner-Wohlfarth Particle

 Magnetic
anisotropy energy
/WM favours
magnetization
along certain axes

S relative to the
y, _
crystal lattice

L Easy axis of magnetization



Stoner-Wohlfarth Particle

* Uniaxial single

Particle volume, V domain particle
/VM  Magnetocrystalline
0 magnetic

anisotropy energy

/ | given by

E, =KV sin®()

e KIS aconstant for
the material



Stoner-Wohlfarth Particle

Eay

E. =KV sin“(6)
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Thermal activation

« At low temperature
magnetic moment
of particle trapped
iIn one of the wells

\./ « Particle magnetic
moment IS
“blocked”

Lank

Mo
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Thermal activation

« At higher temps, thermal
energy can buffet
magnetic moment
between the wells

* Results in rapid
fluctuation of moment

 Particle moment
becomes “unblocked”



Thermally Activated Jump

Thermally Activated Jump (Classical Behaviour!!)

A |y =0

_ K,V
» Jump frequency: U:Tolexp(— a j

kgT

| | (Kavj
~ Relaxation time: 7 =73€exp
KgT

» theoretical predictions: 7,=10°+10710 (see
later)



Demagnetization rate of an assembly
of uniaxial particles

dM M

- = fOMe_KV/kT = — f, : frequency factor (= 10° sec?)
dt T 1 : relaxation time

Turn-off external field at t = 0 with M,

Mr _ Mie—t/T

—> 1 time for M, to decrease to 1/e of its initial value

1 —KV /KT
,Z.

For Co (K = 4.5x10° ergs/cm?3) at room temp. (T = 300 K)

D = 68 A (V = 16 x 10_19 Cmg) 1 :109 .e—(4.5><106><1.6><10*19/(1l38><10—16x300)) ~ 279-9 i
T SecC

7 ~3x107° sec

An assembly of such particles would reach thermal equilibrium state (M, = 0) almost instantaneously.
No hysteresis



Magnetization Relaxation

» Two Regimes: ]
» Standard Magnetic

Measurements:t,,~ 100 s

t|'m time ~ Mossbauer: t,~10%8 s
Measuring time
Superparamagnetic (time n;eded to || Blocked
(o]
a measurement)
For £,~100 s:
w» Define a critical volume at
constant T (e g., RT=T,) by
requiring r=t,, .’ ° V N 25 kBT
2 crit ~ K
InlO a
KiVeri
Int=Inzy+—2-CMt —J... 1/
kg To 5 _[8y 173
|n1()_8 crit — ; crit
\



Magnetic blocking temperature

The magnetic blocking temp, 7, is the temp below which
moment is blocked

Blocking temperature depends on particle size and
timescale of observation

Larger particles have higher blocking temperatures

The longer the observation time, the more likely it is that
the moment will be observed to flip



Fluctuation timescales, T

In[T]

Observation
window

A

blocked

Slope « Vol



Effect of applied field on single domain particles

Increasing field

Applying field
along easy axis
favours moment
aligned with field

Above T, this
results in moment
spending more
time in lower well

Particle exhibits
time averaged

magnetization in
direction of field



Superparamagnetism

H=0
© oV ®ﬁ®@
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 Unblocked particles that respond to a field
are known as superparamagnetic



Superparamagnetism

M

Room temp

Parama netic

H

Response of
superparamagnets to
applied field described
by Langevin model

Qualitatively similar to
paramagnets

At room temperature
superparamagnetic
materials have a much
greater magnetic
susceptibility per atom
than paramagnetic
materials



Superparamagnetism

M
Room temp Super arama netic
~_paramagnetic

H

Superparamagnets are
often ideal for
applications where...

a high magnetic
susceptibility is
required

zero magnetic
remanence is required



Ferromagnetic Resonance

FMR is a spectroscopic technique to probe
the magnetization of ferromagnetic materials.

Landau-Lifshitz-Gilbert equation:

oM

E:—Q/(M XHeff)-l-



Energy

m, = +1/2 hv

— AE= g BH

P omg=-1)2

FMR Signal

A J



FMR: what we calculate?

The following parameters are directly | What are their physical meaning?
determined from the FMR spectrum:

Source: Janusz Typek, Institute of Physics, West Pomeranian University of
Technology, Szczecin, Poland



JOURNAL OF MAGNETIC RESONANCE, Series A 122, 100-103 (1996) ARTICLE NO. 0184
Investigation of the Magnetic Anisotropy in Manganese Ferrite
Nanoparticles Using Magnetic Resonance
A. F. BAKUZIS,* P. C. MORAIS,* AND F. A. TOURINHO+

The dynamics of the mag-
netic moment of the particle 1s described by the Landau-—
Lifschitz equation, and for uniaxial particles the resonance
condition 1s given by (16)

wy = Y[H, + 2(K/L)(L,/Ly)P,(cos 0)], 2]

where K 1s the effective anisotropy, L, = 1 — 3(L,/£), and
L, = coth & — 1/€ (& = pH,/kT). The magnetic moment
per particle (u) 1s related to the saturation magnetization
(Ls) by u = LV, where V 1s the particle volume. It must be
pointed out that Eq. [2] 1s valid over a wide temperature
range, including high temperatures, where the fluctuation
field 1s typically of the order of the anisotropy field.

FMR resonance field

H, = (w/vy) — (K/L)(3 cos?f — 1).



Experimental Results
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Angular dependence of the resonance field for a magnetic fluid sample of MnFe204
with particles having an average diameter of 6.0 nm. The solid lines represent the
best fit of the experimental data according to Eq. [4].



Magnetization Curve

| ifmpan.poznan.pl/~urbaniak/Wyklady2014/urbaniakUAM201412_magnetic%20measurements.pdf

Introduction

Measurement of magnetic field strength

methods most relevant
; 1 in spintronic
measurements:
AC and DC Hall probes
10
8 | E
- HE - o :
- B AC Hall e sensitivity range o
§ 2 DC Hall the probe should cover
g £ whole range of fields in
= 8 1000 1 ~=— magneto- which magnetic
%) © inductance configuration
2 —— magneto- significantly changes
& 10000 1 resistance
S @ | | £aeme o
-% Eann atomic magneto
< magnetometers optical
g’ 100000 T Ll 'l Ll T T Ll T T T T L]
= 1010 10" 10" 102 107 10° 10° 10* 10° 10 10" 1 10
o
e field (T)
&
g graphics from Field Measurement Methods lecture delivered during The Cern Accelerator School;
< Novotel Brugge Centrum, Bruges, Belgium, 16 - 25 June, 2009; author: Luca Bottura




ifmpan.poznan.pl/~urbaniak/Wyklady2014/urbaniakUAM2014L2_magnetic%20measurements.pdf

Introduction

« Magnetic sensor can be divided according to different criteria:

MAGNETIC FIELD

SENSORS
H<1lmT H>1mT
MAGNETOMETERS GAUSSMETERS
Hall Effect
Magnetoresistive
VECTOR SCALAR Magnetodiode
|___Search Coil r_Proton Precession Magnetotransistor
|__Fluxgate L___Optically Pumped
| SQUID
____Magnetoresistive
|___Fiber-Optic

FIGURE 48.1 Magnetic field sensors are divided into two categories based on their field strengths and measurement
range: magnetometers measure low fields and gaussmeters measure high fields.

 Distinction magnetometer-gaussmeter is rather arbitrary and not commonly used.

graphics from [7]: S.A. Macintyre, Magnetic Field Measurement

M. Urbaniak Magnetic materials in nanoel




Introduction — Hall magnetometer

» Lorentz force acting on electrons in a circuit deflects them perpendicularly to drift
direction:

F =ql_~:"+qi?><ﬁ

Lorentz

The build-up of charges on outer limits of the circuit
induces Hall voltage which depends on the field
strength and is used to sense it.

The Hall voltage is given by (t-film thickness, Ru-
Hall coefficient®):

U}':RHII_B:

The main figure of interest is field sensitivity of the
sensor** (for a given driving current I¢):

U, Rl

‘J’h:E p

3-axis probe //

o

”~ /-
e
The new HFC probe is able to measure intense fields
in tiny gaps.

Hall sensors are relatively
easy to miniaturize

Semiconductors are used to obtain high sensitivity
combined with temperature stability (InAs)

The Hall sensors have a limited use at high fields
and low temperatures (conductivity quantization)

image from http://metrolab.com/
@

image from Wikimedia Commons; authors: Peo (modification by Church of emacs)

M. Urbaniak Magnetic materials in nanoelectronics

*for InAs Ry is about 0.0001 m*/As **some tenths of mV per kA/m for /. of several MA (wwwiakeshore.com/products/Hall-Magnetic-Sensors/pages/Specifications. aspx)



s Magnetbmetro Portatil

Hall-prebe
L

(fj)/

Electromagjhet

Jefferson F. D. F. Araujo, et al. J. Magn. Magn. Mater. 426, 159-162 (2017).

« Sensibilidade 3.5x107 Am?
« Massa da Amostra 15 mg
B 30T

Magnetization (Am?/kg)

Magnetization (Amzlkg)
o
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0
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Applied field (T)

Soudabeh Arsalani, et al. J. Magn. Magn. Mater. 475,
458-464 (2019).
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Magnetizacao (Am2/Kg)

Modelo Teodrico

2
Ul ¢t Xaseng
B (X,y,2) = d
0y D)= [ e
,m "¢ T xaseng , >
B,(x,y,2) ==—[ | [==;—dedx]/za*
S P S §
60 ‘E 0-0-0-e=0=
—COPPE
—UFRJ
4071 o puc-Rio
20
;
-40
-Gowe-e‘e""
02  -01 0 01 02 03

Campo Aplicado (T)

Jefferson F. D. F. Araujo, et al. J. Magn. Magn. Mater. 426, 159-162 (2017).
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* Magnetometro Baixa Temperatura

to

linear cryocooler\,
l actuator \! cold finger
sample holder cold G10 tube
electrical MACOR chamber
connection track
box sample
holder
vacuum|
Helium gas

y

ot 2
T |LGIO tube 20
plastic rod 18]

-
(=]

-
=

sample holder

MNPs-100NRL

Magnetization (AP /kg)
I}

Hall sensor || I
MACOR 10
track i
8
o
4l MNPs-400NRL
ol®
T T T T T
0 50 100 150 200 250 300

Temperature (K)
Soudabeh Arsalani, et al. J. Magn. Magn. Mater.

475, 458-464 (2019).

« Sensibilidade: 8.5x10% Am?
« Massa da Amostra: 15 mg

Jefferson F. D. F. Araujo, A. C. Bruno, and S. R. W. Louro, Review of Scientific * Bméx: 10T
Instruments 86, 105103 (2015). .
(2019) e T... 60K
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% Projeto de Pesquisa

@ g, _ ® © '
Calva de ; . i Cavidade
|=nnaxiu e " E cilindrica
elétrica ,'# '1”" 5 Hall E |, —
n ; |
0 ) ! Canicade I Suparts
i ; cilindrica I da amesira
| : ; ! —
| ! ' |
ETuI:H:- G0 Sensores Hall | | ! i
i . i
—p— \ Supore E
"\ da amadtra ‘:\/i
; 7 ! ]
% . ! 1
N o - '
s R -
IR
{d] eryacoaler
N B
Suparte ) s
da amestra Tubo G0
Gﬁ;:,:m Suparte
N o amesira
Sensores hal s
|| - Wiacuo
!
. , Gis Hika
- F B

« Sensibilidade: 8.5x108 Am?
« Massa da Amostra: 10 - 200 mg



Micro
positioners
(XY stage)

Support base

Platform

Desenvolvido de forma pioneira

Jefferson F. D. F. Araujo, et al. J. Magn. Magn. Mater. 499, 166300-9
(2020).
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s Desenho esquematico

Gan.: 2 mV/mT @ 3 mA
BW: 100 kHz

Ruido: 300 nT/\VHz
Sens.: 2,5 x 10- 11 Am?

Sample holder

HQ-0811 (bottom)

— Electromagnet

51



Mapa de uma espera de Niquel

B_(mT)

0.5

1

1.5 2
X (mm)

2.5
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s Projetos Futuros

Colaboracéo: USP - UNESP
Prof. Oswaldo Baffa
Prof. José Ricardo de Arruda

—Po1
—P02
— P03
" |—Po4

0 05
Applied field (T)
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Magnetic Separation




Magnetic separation setup (magnetophoresis device)

F;= 6nrnu

I:mag ] , Fmag Fmag OH
— -
. \ :

Magnetic force
\ direction )
\ Light
\\
\

Optical measurement direction

Schematic setup of magnetophoresis device (top view) contains three cylindrical cavities,
two of them for 2 mL volume tubes and one for 15 mL tube. (b) The MS process for one
tube is illustrated.



Magnetophoresis curve and DLS

Characteristics of the EM10 sample
before MS and during 3 h of MS by
DLS.

Suspension opacity (a.u.)

a0 S
e H - - EM before MS
- EM after 3 min MS

350 + 12 - ts/\, —— EM after 50 min MS

! : Sample o, EVater Py
07 0- EM10 DLS  DLS
2504 . (nm)

11
200, 1 Before MS ) 0.25

{1 | After 3min 0.14
150 : [ : .

11 ; | L r 50min 0.13
1007, | 2 ter 3h M (qu) 0.11

IL | I kA

5041 : 1 I
| 1 e . .I......l I. — - — ". e ': ...’.
1 10 100 1000 10000 1 10 1000
Time (sec) Size (nm)

(a) The magnetophoresis curve of EM10 over a 14 h time period, and (b) DLS of
EM10 sample at t, before separation, t, after 3 min, t, after 50 min, and t; after
3h of inserting sample in separation system.



Magnetic Particle Spectrometer



Single driving field-based MPS

¢ Used signal

M .. -?- -yl 1m ------ m Fouricr imnSfoml

__________ IERYRYE!

l lll...

> H({t)=A-sin2mw-f-t)

Picture from: J. Phys. D: Appl. Phys. 52
(2019) 173001 (17pp)

(a) Time varying
sinusoidal magnetic
field; (b) MH response
curve of SPIONSs; (c) time
domain magnetization
response of SPIONSs; (d)
power spectrum of
collected signal contains
higher harmonic
components 3f (third
harmonic), 5f (fifth
harmonic), etc



Magnetization Coil
Electrical and
Geometrical

Specifications

R;=35 mm
R,=41.5 mm
R _ 52 I—T— Resistance, R

3— mm 87 |[ ohm ) v

= Inductance, L
— \20,6 || millihenry (mH) * |
| 160 m m Capacitance, (o}
‘ 123 || nanofarad (nF) v ‘

N= 1.360 turns
L=20.6 mH

R=8.7Q o
C=12.3nF (\/ VT L v Z:;ZLllatr Frequency @= 62831.853 rad/s
L

Capacitive reactance Xc= 1.29394 kO

Freguency, f
R v R ‘ 10 || kilohertz (kHz) v ‘

Inductive reactance X = 1.29434 kQ
Total RLC Impedance |Zg cl= 8.7089 O
. Phase difference @= 2.59602 °=0.8452 rad
C - V C 'Irﬂg:jli::;ec\ier;g;tthe current.
Quality factor Q= 148.75165
Resonan t frequency fog = 9.99848 kHz wg = 62822.30825 rad/s

https://Iwww.translatorscafe.com/unit-
converter/fr/calculator/series-ric-impedance/



https://www.translatorscafe.com/unit-converter/fr/calculator/series-rlc-impedance/

Magnetic
Characteristics

§ B-d].=,u.|]I
o

N
po = 4m x 1077 —

N= 1360 turns *
L=160 mm
B=10.7 mT/A

Experimental Checks

Search coil positioned at the
center of the magnetization coil

N= 10 turns
R=5mm

Viag-coil = 74VPP
Vsearch-coil = 81 MVpp
B..,=0.60 mT/A

exp



Excitation, detection
& monitoring coils

Detection coils, 1st
order gradiometer

Monitoring coil
(center)
Excitation coil-

solenoid with two
layers of winding.




Resonance of Driving
Coil
« The RLC circuit is usually driven at

the resonance frequency to optimize
power transfer from the power amplifier

DB

_10.-
154
_20_-
_25_-
_30_-

-35 4

10
FREQ.(KHZ)



Power Amplifier

A power amplifier with low level of distortion must be employed in the excitation
circuit.

| I l

(IR
LA

—_———
—_—
—_—
—_—
—

| —

|




Dual driving field-based MPS

(e) dual sinusoidal
magnetic fields; (f) MH
response curve of
SPIONS; (g) time
domain magnetization
response of SPIONSs;
(n) power spectrum of
collected signal
contains higher
harmonic components
fH £ 2fL (third
harmonics), fH + 4fL
(fifth harmonics).

g M Fourier Transform

JanR ANt
NARRVRY

H(t) = Ay -sin(2m - fy - t) + Ay -sin(2Qm « fy - t)

Used signal
fi
fe26 | B26
f-af, fiHa,

Frequency



[a| Principle schematic

Exploded view

Capacitor box Power amplifier
Nanoparticle | — 2

suspension =,

T | I @ .
Excitation coil — ’ ¥ current
3 |/ probe
2 P
Pick-up coil ——= o b=

Capacitor box Current probe  Data acquisition
onant circuit

Pick-up
coil

QES

Sample 1 mL

Fixed

b4 Balancing
balancing coil — 'r‘ © Vou Induced voltage amplifier -
o Tuning coil
2 To computer
Adjustable I }VL
tuning coil — A

.
Excitation coil and
sensing coil system

FIG. 1. The nanoparticle suspension is driven by a time-varying magnetic field provided by the

excitation field. The sample magnetization change induces a voltage in a pick-up coil system which
is recorded by a DAQ.

Published in: Nicolas Garraud; Rohan Dhavalikar; Lorena Maldonado-Camargo; David P. Arnold; Carlos Rinaldi; AIP
Advances 7, 056730 (2017) DOI: 10.1063/1.4978003 Copyright © 2017 Author(s)



Paramagnetic gas

/ * Imagine a classical gas
- .
of molecules each with
—— \\ f a magnetic dipole
moment

SN \ T ~ * In zero field the gas
l \ would have zero

magnetization

<) TN



Paramagnetic gas

* Applying a magnetic

field would tend to
orient the dipole
moments

e Gas attains a

maghnetization



Paramagnetic gas

* Very high fields

would saturate
magnetization

 Heating the gas

would tend to
disorder the
moments and
hence decrease
magnetization



Paramagnetic gas

M Theoretical model

* Non-interacting moments

H ° Boltzmann statistics

e Dipole interaction with B

* Yields good model for many

A materials
V B  Examples: ferrous sulfate
crystals, ionic solutions of

magnetic atoms
E =-m B cos[0]



Paramagnetic gas

 Classical model
yields Langevin
function

H
 Quantum model

yields Brillouin

function o
/WB



Exchange Jntgraction

Direct exchange operates between moments, which are close enough to have sufficient overlap of their
wavefunctions. It gives a strong but short-range coupling which decreases rapidly as the ions are
separated. An initial simple way of understanding direct exchange is to look at two atoms with one
electron each. When the atoms are very close together the Coulomb interaction is minimal when the
electrons spend most of their time in between the nuclei. Since the electrons are then required to be at
the same place in space at the same time, Pauli's exclusion principle requires that they possess opposite
spins. According to Bethe and Slater the electrons spend most of their time in between neighboring
atoms when the interatomic distance is small. This gives rise to antiparallel alignment and therefore
negative exchange. (antiferromagnetic).

01O

If the atoms are far apart the electrons spend their time away from each other in order to minimize the
electron-electron repulsion. This gives rise to parallel alignment or positive exchange (ferromagnetism)

@ ]



Bethe-Slater curve

* The exchange Heisenberg energy, suitably scaled, replaces the Weiss molecular field constant in the mean
field theory of ferromagnetism to explain the temperature dependence of the magnetization

Ep=_‘lexsixsi+1

Differences in exchange energy of transition metals as due to the ratio of the interatomic
distance a to the radius r of the 3d electron shell



Ferromagnetism

* Materials that retain a magnetization
in zero field

* Quantum mechanical exchange
interactions favour parallel alignment
of moments

—_ — — —
—_ — — —
_ — — -

* Examples: iron, cobalt

quantum mechanical exchange interaction



Ferromagnetism

* Thermal energy can be used to
overcome exchange
interactions

_— — — —
—_— — — —
—_— — — —
—_— — — —

e Curie temp is a measure of
M, exchange interaction strength

* Note: exchange interactions
much stronger than dipole-
dipole interactions

4——'\\/
~ | / —
AN

VARV NN




Magnetic domains

* Ferromagnetic materials
tend to form magnetic

—> domains

* Each domain is magnetized
in a different direction

e Domain structure
minimizes energy due to

— stray fields




Magnetic domains

* Applying a field changes domain
structure

* Domains with magnetization in
/\ direction of field grow

ﬁ e Other domains shrink




Magnetic domains

* Applying very strong
fields can saturate
/\ magnetization by
creating single domain




Magnetic domains

* Removing the field does not
necessarily return domain
structure to original state

* Hence results in magnetic
H  hysteresis




Magnetic domain walls

1111 7777=—>>N\V 1\ | ||

Wall Thickness "t"

Wall thickness, t, is typically about 100 nm



Single domain particles

e Particles smaller than
/\ “t” have no domains

<t



Antiferromagnetism

* In some materials,
exchange interactions
favour antiparallel
alignment of atomic
magnetic moments

* Materials are magnetically
ordered but have zero
remnant magnetization

. and very low y

/ * Many metal oxides are

quantum mechanical exchange interaction ~ antiferromagnetic

e —) e e—

I
!
I
!




Antiferromagnetism

* Thermal energy can be used to
overcome exchange interactions

at the Néel temperature (c.f.

|
7 * Magnetic order is broken down
d Curie temp)




Ferrimagnetism

* Antiferromagnetic
exchange interactions

A 'y 'Y i .
e Different sized moments
2 A N on each sublattice
e Results in net
T v T v T magnetization

T ! T ! T * Example: magnetite,
maghemite




Small Particle Magnetism



Stoner-Wohlfarth Particle

* Magnetic anisotropy
energy favours

M magnetization along
W certain axes relative to

the crystal lattice

L Easy axis of magnetization



Stoner-Wohlfarth Particle

* Uniaxial single

Particle volume, V domain particle
NM * Magnetocrystalline
F 0 magnetic

anisotropy energy

< JV. | given by

E. =KV sin“(6)

e KiIs aconstant for
the material



Stoner-Wohlfarth Particle

N|;1—
-



hermal activation

an

“AA‘
Mo

* At low temperature
magnetic moment of
particle trapped in one
of the wells

* Particle magnetic
moment is “blocked”



hermal activation

e At higher temps, thermal
energy can buffet magnetic
moment between the wells

SK e Results in rapid fluctuation of
moment
* Particle moment becomes
“unblocked”
Hank
_’_’ H A *\



Thermally Activated Jump
vl N

A |y O=C

Thermally Activated Jump (Classical Behaviour!!)

» Jump frequency: D= 761 exp(— Kan
kgT

o (Kavj
» Relaxation time: 7 =7pexp
kgT

w» theoretical predictions: 7,=10°+10-10 (see later)



Demagnetization rate of an assembly of
uniaxial particles

dM M

—— = fOMe_KV/kT =— fo : frequency factor (~ 10° sec?)
dt T 1 : relaxation time

Turn-off external field at t = 0 with M,

Mr _ Mie—t/T

—> 1 :time for M, to decrease to 1/e of its initial value

1 —KV /KT
,Z.

For Co (K = 4.5x10° ergs/cm?3) at room temp. (T = 300 K)
D=68 A (V — 1.6 x 10-19 Cmg) 1 :109 .e—(4.5x106x1.6x10*19/(1.38x10*16x300)) ~279.9 i
T Sec

7 ~3x107° sec

An assembly of such particles would reach thermal equilibrium state (M, = 0) almost instantaneously.
No hysteresis



Magnetization Relaxation

» TwO Regimes:
w Standard Magnetic

Measurements:t,,~ 100 s

L time w Méssbauer: t,~10%8s

Measuring time
(time needed to do Blocked

Superparamagnetic

a measurement)

For ¢~ 100 s:
» Define a critical volume at constant T
e.g., RT=T,) by requiring r= ¢, :
(e.g 0) by req gr 25kBT
( y) Verit =
In10 Ka
K Vi
Inz=Inzg+—27crit — ...
kgTo

Derit = 6V %
k|n10_8 crit — ; crit



Magnetic blocking temperature

* The magnetic blocking temp, 7}, is the temp below which moment is
blocked

* Blocking temperature depends on particle size and timescale of
observation

 Larger particles have higher blocking temperatures

* The longer the observation time, the more likely it is that the moment
will be observed to flip



Fluctuation timescales, 1

A |
ln [1:] | blocked

e e a

Observation
window

Slope « Vol




Effect of applied field on single domain particles

H=0

Increasing field

Applying field
along easy axis
favours moment
aligned with field

Above T, this
results in moment
spending more
time in lower well

Particle exhibits
time averaged

magnetization in
direction of field



Superparamagnetism

H=0
0 @% ®ﬁ®@
®@@@ N ®®@@ b |
Q ) & 9 D &

* Unblocked particles that respond to a field are
known as superparamagnetic



Superparamagnetism

e Response of

M superparamagnets to applied
field described by Langevin
Room temp S——— model

e Qualitatively similar to

y
_ paramagd®®-  naramagnets

e At room temperature
superparamagnetic materials
have a much greater
magnetic susceptibility per
atom than paramagnetic
materials




Superparamagnetism

M
Room temp Super arama netic
/ﬂg&%&ﬁc—'

H

Superparamagnets are
often ideal for
applications where...

a high magnetic
susceptibility is
required

zero magnetic
remanence is required



Ferromagnetic Resonance

FMR is a spectroscopic technique to probe
the magnetization of ferromagnetic materials.

Landau-Lifshitz-Gilbert equation:

oM
ot

=—y(M xHer )+



Energy

m, = +1/2 hv

e — AE= g BH

P om=-1)2

FMR Signal

A J



FMR: what we calculate?

The following parameters are directly | What are their physical meaning?
determined from the FMR spectrum:

Source: Janusz Typek, Institute of Physics, West Pomeranian University of
Technology, Szczecin, Poland



JOURNAL OF MAGNETIC RESONANCE, Series A 122, 100-103 (1996) ARTICLE NO. 0184
Investigation of the Magnetic Anisotropy in Manganese Ferrite
Nanoparticles Using Magnetic Resonance

A. F. BAKUZIS,* P. C. MO * _ ‘
The dynamics of the mag-

netic moment of the particle 1s described by the Landau-—
Lifschitz equation, and for uniaxial particles the resonance
condition 1s given by (/6)

wy = Y[ H, + 2(K/L)(L,/L)P,(cos 0)], [2]

where K 1s the effective anisotropy, L, = 1 — 3(L,/&), and
L, = coth & — 1/¢ (& = pH,/kT). The magnetic moment
per particle (u) 1s related to the saturation magnetization
(Ls) by u = LV, where V 1s the particle volume. It must be
pointed out that Eq. [2] 1s valid over a wide temperature
range, including high temperatures, where the fluctuation
field is typically of the order of the anisotropy field. [N

FMR resonance field

H, = (w,/y) — (K/L)(3 cos?§ — 1).



Experimental Results

3.4

w
(¥

Resonance Field (Kgauss)
w
o

o
[
T T

26 S SO TR R R RN SO SR SR TR N TN S SN S [ S S T
0 50 100 160 200

0 (degrees)

Angular dependence of the resonance field for a magnetic fluid sample of MnFe204 with
particles having an average diameter of 6.0 nm. The solid lines represent the best fit of the
experimental data according to Eq. [4].



Magnetization Curve

f - | — - - - —

| ifmpan.poznan.pl/~urbaniak/Wyklady2014/urbaniakUAM201412_magnetic%20measurements.pdf

Introduction

Measurement of magnetic field strength

methods most relevant
' 1 in spintronic
measurements:
AC and DC Hall probes
10 -
» fluxmeter
B | & 100 - e :
- N AC Hall e sensitivity range o
§ 3 DC Hall the probe should cover
g £ whole range of fields in
U= 8 1000 - Bl magneto. which magnet'c
%) © inductance configuration
2 —— magneto- significantly changes
% 10000 - resistance
Elll | | £ emme - -
u}—j ; Eeun atomic magneto
= magnetometers optical
% 100000 T T Tl L) T T Ll T Ll Ll T L]
= 1010 10" 10" 102 107 10° 10° 10* 10° 10 10" 1 10
o
e field (T)
&
g graphics from Field Measurement Methods lecture delivered during The Cern Accelerator School;
< Novotel Brugge Centrum, Bruges, Belgium, 16 - 25 June, 2009; author: Luca Bottura




ifmpan.poznan.pl/~urbaniak/Wyklady2014/urbaniakUAM2014L2_magnetic%20measurements.pdf

Introduction

« Magnetic sensor can be divided according to different criteria:

MAGNETIC FIELD

SENSORS
H<1lmT H>1mT
MAGNETOMETERS GAUSSMETERS
Hall Effect
Magnetoresistive
VECTOR SCALAR Magnetodiode
|___Search Coil r_Proton Precession Magnetotransistor
|__Fluxgate L___Optically Pumped
| SQUID
____Magnetoresistive
|___Fiber-Optic

FIGURE 48.1 Magnetic field sensors are divided into two categories based on their field strengths and measurement
range: magnetometers measure low fields and gaussmeters measure high fields.

 Distinction magnetometer-gaussmeter is rather arbitrary and not commonly used.

graphics from [7]: S.A. Macintyre, Magnetic Field Measurement

M. Urbaniak Magnetic materials in nanoel




Introduction — Hall magnetometer

» Lorentz force acting on electrons in a circuit deflects them perpendicularly to drift

direction: 7 =qE+ quE

Lorentz

The build-up of charges on outer limits of the circuit
induces Hall voltage which depends on the field
strength and is used to sense it.

The Hall voltage is given by (t-film thickness, Ru-
Hall coefficient®):

U}':RHtI_ B:

The main figure of interest is field sensitivity of the

sensor** (for a given driving current I¢):
3-axis probe/ , =y Rl
J / | b B. P |
y :
Y A

The new HFC probe is able to measure intense fields
in tiny gaps.

Hall sensors are relatively
easy to miniaturize

Semiconductors are used to obtain high sensitivity
combined with temperature stability (InAs)

The Hall sensors have a limited use at high fields
and low temperatures (conductivity quantization)

image from http://metrolab.com/

image from Wikimedia Commons; authors: Peo (modification by Church of emacs)

M. Urbaniak Magnetic materials in nanoelectronic:

*for InAs Ry is about 0.0001 m*/As **some tenths of mV per kA/m for /. of several MA (wwwiakeshore.com/products/Hall-Magnetic-Sensors/pages/Specifications. aspx)
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e Sensibilidade 3.5x10°7 Am? Soudabeh Arsalani, et al. J. Magn. Magn. Mater. 475,
« Massa da Amostra 15 mg 458-464 (2019).
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Magnetizacao (Am2/Kg)

Modelo Teodrico

2
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Jefferson F. D. F. Araujo, et al. J. Magn. Magn. Mater. 426, 159-162 (2017).
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to

""I linear cryocooler\\\-

actuator cold finger
sample holder cold G10 tube
electrical MACOR chamber
connection track

box sample

holder
vacuum|

Helium gas

y

|/ 22
l’-”
o I
f G10 tube 20
plastic rod 181
@ 16 |
E 14
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o g
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Temperature (K)
Soudabeh Arsalani, et al. J. Magn. Magn. Mater.

475, 458-464 (2019).

« Sensibilidade: 8.5x10®Am?
« Massa da Amostra: 15 mg

R/ g ~

R/ 27
Jefferson F. D. F. Araujo, A. C. Bruno, and S. R. W. Louro, Review of Scientific * Bméx: 10T
Instruments 86, 105103 (2015). .

(2015) e T... 60K
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Micro
positioners
(XY stage)

Support base

Platform

Desenvolvido de forma pioneira

Jefferson F. D. F. Araujo, et al. J. Magn. Magn. Mater. 499, 166300-9
(2020).
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Gan.: 2 mV/mT @ 3 mA
BW: 100 kHz

Ruido: 300 nT/\VHz
Sens.: 2,5 x 10- 11 Am?

. Electromagnet

PCB HQ-0811 (top)
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J(mT)

—Po1
—P02
— P03
" |—Po4

-0.5

0
Applied field (T)

0.5

Colaboracéo: USP - UNESP
Prof. Oswaldo Baffa
Prof. José Ricardo de Arruda
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Magnetic Separation

TOSHIBA




Magnetic separation setup (magnetophoresis device)

Adaptor

Tube

Magnetic force
\ direction
\

\\
X
Optical measurement direction

Schematic setup of magnetophoresis device (top view) contains three cylindrical cavities,
two of them for 2 mL volume tubes and one for 15 mL tube. (b) The MS process for one
tube is illustrated.



Magnetophoresis curve and DLS

Characteristics of the EM10 sample
before MS and during 3 h of MS by
DLS.

Suspension opacity (a.u.)

400 + = ‘ol 14 - = EM before MS
— EM after 3 min MS
350 - '[3/\+ —— EM after 50 min MS
" - Sample d, EVafter Py
7 0 EM10 DLS DLS
2504 1 8_- (nm)
11
20]! {  Before MS ) 0.25
{1 | After 3min 0.14
150 | ! | )
1 | | r 50min 0.13
100+ : : . 1 ter 3h M (tq) 0.11
50 : : : I'
I i 1 .I.. | ’-.

"1 10 100 1000 10000 1 10 1000

Time (sec) Size (nm)
(a) The magnetophoresis curve of EM10 over a 14 h time period, and (b) DLS of
EM10 sample at t, before separation, t; after 3 min, t, after 50 min, and t; after

3h of inserting sample in separation system.



Magnetic Particle Spectrometer



Single driving field-based MPS

b N Fouri f d ) ) ) )
e ek y'm """ m oucr R (a) Time varying sinusoidal

¢ Used signal magnetic flEId, (b) MH

i LJ J\‘ o response curve of SPIONSs; (c)
: ............................ 3 l_UJ\J_u_A_M&_TI time domain magnetization

response of SPIONs; (d)

B g = power spectrum of collected
. P signal contains higher
5(// harmonic components 3f
\'\\) H(t)=A4-sin(@r-f-t) (third harmonic), 5f (fifth
e i harmonic), etc

Picture from: J. Phys. D: Appl. Phys. 52 (2019) 173001
(17pp)



Magnetization Coil
Electrical and
Geometrical
Specifications

R;=35mm
R,=41.5 mm
R;=52 mm
|I=160mm
N=1.360 turns
L=20.6 mH
R=8.7Q)
C=12.3nF

https://www.translatorscafe.com/unit-converter/fr/calculator/series-rlc-

Input
Resistance, R
8.7

Inductance, L
206

Capacitance, (o}
123

Freguency, f
10

Calculate

Output

Angular Frequency

Capacitive reactance

Inductive reactance

Total RLC Impedance

Phase difference

Inductive circuit

The voltage leads the curren

Quality factor

Resonan t frequency

ohm (Q)

milihenry (mH)

nanofarad (nF)

kilohertz (kHz) v

ialiser f Partager

= 62831.853 rad/s
Xc= 1.29394 ko

X, = 1.29434 ko

|Zpicl= 8.7089 o

©- 2.59002 °- 6.8452 rad
t.

Q= 148.75165

fp = 9.99848 kHz wy = 62822.30@25 rad/s

impedance/



https://www.translatorscafe.com/unit-converter/fr/calculator/series-rlc-impedance/

Magnetic
Characteristics

N=

§ B-{fl:pgf
o

N
g = 4w x 1077 —
AZ

1360 turns
160 mm
10.7 mT/A

Experimental Checks

Search coil positioned at the center of
the magnetization coil

N=10 turns
R=5mm

V
V

=74Vpp

mag-coil

=81 mVpp

search-coil

Bey,= 0.60 mT/A



Excitation, detection &
monitoring coils

Detection coils, 1st order
gradiometer

Monitoring coil (center)

Excitation coil-solenoid
with two layers of winding.




Resonance of Driving
Coil

* The RLC circuit is usually driven at the
resonance frequency to optimize power
transfer from the power amplifier

DB

_10.-
154
_20_-
_25_-
_30_-

-35 4

10
FREQ.(KHZ)



Power Amplifier

A power amplifier with low level of distortion must be employed in the excitation circuit.

(IR

||I||||“”H

!

—_—
—_—
—_—

| e —————

|
|
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SV =




Dual driving field-based MPS

(e) dual sinusoidal magnetic
fields; (f) MH response
curve of SPIONs; (g) time
domain magnetization
response of SPIONs;

(h) power spectrum of

Fourier Transform h
mﬂ 4 Used signal
.

Frequency

collected signal contains - | 2

higher harmonic [

component.s . ;_555%‘

fH £ 2fL (thlrd harmon.|cs), *::iﬂrﬁl?ﬁz S e TS o ok P
fH £ 4fL (fifth harmonics). | =



(@] Principle schematic

| Exploded view

Capacitor box Power amplifier

-

’\P: Current
T J‘ probe _

Nanoparticle

suspension e

Excitation coil —

Pick-up coil —— ' _
Fixed :
balancing coil —> ‘

B-field

amplifier

Adjustable

To computer
tuning coil KL

=
Excitation coil and
sensing coil system

FIG. 1. The nanoparticle suspension is driven by a time-varying magnetic field provided by the excitation

field. The sample magnetization change induces a voltage in a pick-up coil system which is recorded by a
DAQ.

Published in: Nicolas Garraud; Rohan Dhavalikar; Lorena Maldonado-Camargo; David P. Arnold; Carlos Rinaldi; AIP Advances 7, 056730
(2017) DOI: 10.1063/1.4978003 Copyright © 2017 Author(s)



