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Most of the materials are magnetic

ferromagnetic
antiferromagnetic
paramagnetic
diamagmnetic

no data [ trace elements



levitating frog.flv

Parameters, symbols and units

= o+ W)= 1+ ) avec 7 =0M /H

u

Parameters : B (induction) in Tesla (= 10* Gauss= 10* Oe)
H (field) inA/m (H=1A/m=>B =1.256 10°T)
M (magnetization) in A/m (=103 emu/cm3)
M, (free space permeability) = 417.107 H/m
X (magnetic susceptibility)

Other material parameters : K (magnetic anisotropy energy) in J/m?3
J (magnetic exchange) in J/m
a (damping) with no unit
mg , M,,( Spin , orbital atomic moment) in uB/atom

. | “
Your advisor needs to switch from CGSto SI: 1 emu/cm3=1kA/m 1erg/cm3=0.1J/m3

3



Magnetometry

Measure of physical parameters

- Magnetic moment

- Magnetic susceptibility
- Electrical resistance

- Specific heat

- Ferromagnetic resonance...

Material/system

as a function of external parameters

DC or AC magnetic field
Temperature
Pressure

Electric field

Light...

Physical parameters as a function
of external parameters



Magnetometry : before to start

What type of sample ? Nanoparticles, molecules, liquids, bulk, thin film, devices, ...

Which properties am | interested in ? Magnetic moment, susceptibility, spin or orbital moment,
non-uniform configuration, damping, anisotropy, ...

Which resolution do | need ?

Which excitation do | want to study ? Magnetic field, temperature, electric field, ligth, pressure, ...

Under which static condition ? Temperature, vacuum, oxidant atmosphere, pressure, magnetic field, ...

Which time scale ? (excitation & measurement) Femtosecond, second, million years, ...

Which space scale ? (sample size & measurement) Nanometer, meter, hundred meter, milliliters...



Space scale

——1cm

—— 1 mm

——100 pm

Space and time scales

Macroscopic systems

Magnetic domains

Memories and sensors
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Micro/Nano-structures b -
— 100 nm
mag_netlc i Domain wall
media
—— 10 nm
-— 1 nm
Nanoparticle, molecules
—+100 pm

Time scale

——100 ns

— 10 ns

- 1 ns

——100 ps

—— 10 ps

— 1ps

—+—- 100 fs

—— 10fs

— 1 fs

—— 100 as

Domain wall motion

\[a/\_' Thermal activation
Magnetic relaxation

Electronic spin precession
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Magnetometry : Outline

Vibrating sample magnetometry Magneto-optical Kerr effect Heat capacity measurement

Superconducting quantum interference device
Torque magnetometry X-ray circular dichroism

ballistic electron magnetic microscopy Ferromagnetic Resonance measurement

susceptometry

magnetic force microscopy photoemission spectroscopy

magnetoresistivity magnetic resonance force microscopy N-V magnetometry

magnetic transmission X-ray microscopy scanning electron microscopy with polarization analysis

scanning near field optical microscopy spin polarized low energy electron microscopy

spin polarized scanning tunneling microscopy scanning transmission X-ray microscopy

X-ray photoemission electron microscopy Neutron diffraction



Outline : Th30 talk

Vibrating sample magnetometry Magneto-optical Kerr effect Heat capacity measurement

Superconducting quantum interference device
Torque magpetametry

X-ray circular dichroism

ballistic electron magneW€ microscopy

Ic Resonance measurement

magnetic forc ' ion spectroscopy

magnetoresistivity N-V magnetometry

magnetic transmission X-ray microscopy scanning electron microscopy with polarization analysis

scanning near field optical microscopy spin polarized low energy electron microscopy

spin polarized scanning tunneling microscopy scanning transmission X-ray microscopy

X-ray photoemission electron microscopy Neutron diffraction



Many available data in ESM library

Fichier Edition Affichage Historique Marque-pages Outils Aide

@ AC susceptometry - Recherche X #2 A simple torque magnetomete X €J)) European School on Magnetis: X

<« C © © £ magnetism.eu/esm/repository-topics.ntm 8 - ww Rechercher v IN O @

¥ Les plus visités @ Débuter avec Firefox @ Authentification auto... 0 Web of Science [v.5.30...
® LZUUD] DEI-OIGANIZEI0N O SUNECeS. dll OVerview. U. FRUGHART | ADSTTAcT | SIOEs |
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@ [2003] Chemical synthesis of magnetic metal nanoparticles - B. CHAUDRET [ Abstract ]
Magnetic microscopy . . .
Drosden, Germany [ Abstract | http://magnetism.eu/esm/repository-topics.html
@ [2019] Electron holography and tomography: AXEL Lusk, Dresden, Germany [ Abstract ]
@ [2019] Holography, tomography (Electron, X-ray): X-rays: JaAN LUNING, Berlin, Germany | Abstract |
@ [2019] Scanning probe microscopy for magnetism: OLiviER FRUGHART, Grenoble, France | ]
® [2017] Characterization techniques for nano-sized systems: OLIVIER FRUCHART, Grenoble, France [ Abstract | ]
@ [2015] Magnetic imaging technigues: LAura HEYDERMAN, Zirich, Switzerland [ Abstract | Intro | | | PEEM ]
@ [2013] Magnetic imaging technigues: LAura HEYDERMAN, Ziirich, Switzerland [ Abstract | Slides ]
@® [2007] Magneto-optical microscopy and its applications: RuboLF ScHAFER, IFW, Dresden, Germany [ Abstract | Slides pt.1-2 |
@ [2007] STM and spectroscopy of nanosized ferromagnetic structures: GUILLEMIN RoDARY, MPI-Halle, Germany | ]
@ [2005] Magneto-optical microscopy (incl. time resolved): J. McCorbp [ Abstract | Slides (12.6MB) ]
@ [2005] Scanning probe technigues (MFM, SNOM, etc): L. ABELMANN [ Abstract | Slides (3.5MB) | Supplementary information (AVI) (2.6MB) ]
@ [2005] STM and spin-polarized-STM: W. WuLFHEKEL [ Abstract | Slides pt1 (5.6MB) | Slides pt2 (2.3MB) ] Neutrons
@ [2005] Magnetic imaging by LEEM, X-PEEM, X-ray microscopy, and X-ray holography: W. KucH [ Abstract | Slides (5.4MB) ] #® [2019] Neutron scattering: VIRGINIE SIMONET, Grenoble, France [ Abstract |
@ [2005] Electron microscopies (Lorentz, holography, SEMPA, etc). B WarRoT-FONROSE [ Abstract | Slides (11.5MB)] # [2017] Magnetic diffraction with neutrons, non-resonant and resanant X-ray scattering
@ [2003] Analysis of nanostructures by electron Microscopy (EM) and Scanning Probe Microscopy (SPM) (structural and compositional analysis): M. HIETSCH( & [2017] Neutron diffraction for magnetic structure determination: VIRGINIE SIMONET, Gr
@ [2003] High spatial-resolution analysis of magnetic properties (special SPM and EM technigues as SHPFM and Lorentz-Microscopy) M. HiETscHoLp [ Abs! e [2011] Spin waves: theory and neutron scattering: Sywvain PETIT, CEA-Saclay, France
@ [2003] Magnetic force microscopy (MFM) and spin polarnized scanning tunneling microscopy (SPSTM): A. THIAvILLE | Abstract | Slides | @ [2011] Neutrons for magnetism: STEPHEN BLUNDELL, Oxford, UK: [ Abstract | Slides
Magnetometry @ [2005] Neutrons and magnetism: A. WiLpes [ Abstract | Slides~pt1 (23.0MB) | Slid
@ [2019] General and torque magnetometry: ViTTorio Basso, Torino, ltaly [ Abstract | @ [2005] Magnetic scattering: X-ray and neutrons: CH. VETTIER [ Abstract | Slides (1.€
@ [2019] Indirect techniques: calorimetry, dilatometry, transport: VitTTori0 Basso, Torino, ltaly [ Abstract ] Precessional techniques
@ [2018] Magnetometry: PaoLo VAvASSORI, San Sebastian, Spain[ Abstract | 1 @ [2019] Magnetic resonance: LAURENT Ranno, Grenoble, France [ Abstract ]
@ [2018] Tutorial: experimental methods for magneto-optical Kerr effects measurements: PaoLo VavassoRri, San Sebastian, Spain [ 1 @ [2011] Muons for time-dependent studies in magnetism: ANDREICA, D., UBB - Cluj-Naj
® [2005] Advanced Magnetomefry: D. Sanper [ Abstract | (2.3MB) | @ [2011] Local and resonance technigues: FMR, EPR, NMR, Méssbauer: PHILIPPE MEN
@ [2003] Nanomagnetometry: microSQUID, Hall microprobe: E. BoNeT [ Abstract | Slides | @ [2005] Using muons for magnetization studies: D. ANDREICA.
Optics and X-ray tools (structural and magnetic) Electron spectroscopies
@ [2019] Magneto-optics: RUDOLF SeHAFER, Dresden, Germany | Abstract ] ® [2005] XPS, including spin-polarized XPS: M. NEumaNN [ Slides (3.5MB) ].
@ [2019] Holography, tomography (Electron, X-ray) X-rays: JaN LiiNING, Berlin, Germany [ Abstract | ® [2005] Surface magnons by EELS: J. KIRSCHNER [ Abstract | Slides (1.9MB) ]
@ [2019] X-ray techniques: synchrotron, FEL, HHG: JAN LUNING, Berlin, Germany | Abstract |
@ [2019] Time-resolved pump-probe techniques: THEo RasiNG, Nijmegen, The Netherlands [ Abstract ]
@ [2018] X-ray magnetic dichroism: EBERHARD GOERING, Stuttgart, Germany [ Abstract | Slides ( , Pt.2)]
@ [2018] Synchrotron radiation: MaRcIN Sikora, Krakow, Poland [ Abstract | Slides | w




Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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Help from European/French magnetometry networks

The EUROPEAN iy
€Ma MAGNETISM ASSOCIATION

A voice for Magnetism in Europe

A EMA ESM JEMS JOBS EVENTS | NETWORK @ LINKS | &

Home > NETWORK > Magnetometry.eu A- | A+ [O] [¢] [B] [

The European Magnetometry Network

The
SpinTronicFactory
MAGN E I OM E I R I =] EU Magnetometry.eu

The European Magnetometry Network

> Objectives

Magnetometry.eu is a European network on magnetometry created in 2017 [under name Mag-Net{-o-Metry)], under the auspices of _
EIT KIC RawMaterials. It ambitions to help define, create and protect jobs in universities, research institutions, SMEs and industries ? FOcus

through instrumentation, novel science, innovating products and processes, as well as new industrially compatible characterization
methods.

Objectives

Maintain a federated community around magnetometry, for networking and to help define and create jobs through novel instrumentation

()
The European
Physical Society

Focus

Promote magnetometry, provide training, facilitate access to plateforms, promote R&D collaborations gouvernmental institutions and
companies (_..)

R&D service catalogue Magnetics societies

Special thanks to F. Mazaleyrat, Ph. Vanderbemden, L. Ranno, C.-S. Chang, B. Hillebrands, O. Fruchart

www.magnetometry.eu www.magnetometrie.cnrs.fr 11



Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

‘ VSM, SQUID, Torque, MOKE, XMCD, Photo-emission spectroscopy

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry, FMR

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out, Electron-out
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Magnetic field amplitude scale

Human brain 10T
Earth’s magnetic field 5x 10> T
Refrigerator magnet | 0.05T
CompUter usual magnetometers 01T
MRI scanner | 1-7T
Laboratoire de Champs Magnétiques Intenses 37T
Pulsed field magnet 100 T
White dwarf star 10000 T

Pulsar 100 000 000 T

13



How to generate a magnetic field

Electromagnets :

Requieres electric energy

1 coil with R=25mm and 40 kA generates 1 Tesla

Non-uniform or uniform fields

L . .
o L o IdIAGF - 1)
1820 - Hans Christian Oersted dB(r) = I _

Field can be tuned easily with current

—
r’\3

—

7 -

Can produce DC, AC or pulsed fields (us, ns)

Permanent magnets :

47

- Assembly of dipoles o 3
- DC Magnetic flux with no energy

- Non-uniform and uniform fields

- Big advantage for small sample space

14



Electromagnets : homogeneous field up to 3 Tesla

Coilset with N turns Coilset in Helmoltz geometry

/
)
|

2 Y B* = R* 4 £12D2 4
ﬂ‘;fe {H ( )Z:+15(b S ol )z“+..}

B.(2)=

2d° 16d°

Field along z-axis for N turns, current / and length L Coil radius R, Coil distance b, Helmholtz condition: b = R = quadratic term vanishes

B__(z):%(cosé?l—kcosﬁz) g /R2+ibz
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Fields above 3 Tesla

dynamic containment guasi-static containment static containment
local adiabatic op. adiabatic operation isothermal operation
I L TEEFP R PP T L LT - T L EEE L PP PP
speed limited force limited heat limited
2_
' 1000
: 81 | Explosive Flux Compression
N ®)] ° ot Electromagn. Flux Compression
— 4 -4
@ .
LL 2.
-9 = i _ - ¢
e — KR
O 1008: ;-
(o 6
& 4
] Short-
2 - o o ﬂ
2]
10—"_ﬁ'l'l'l'lTl'| T ||||||I'| T T TTTT T T TTTI T T T T T TTTI T T TTTIm] T T 11T T T TTTI T T TTTT T ||l|||l'| T ||l||||'|'
10" 10° 10° 10" 10° 10° 10" 10° 10’ 10° 10° 10° 10°

Time Duration [s]
Limitations :

1) Energy dissipation P= jp(x) J*(x)d’x < B’ 2) Force de Lorentz F= IJ(x) x B(x)d*x o« B*

16



Superconducting electromagnets

INbTi gy [NbsSn MgB: Bi-2212/Bi-2223 BCO

s ki |LTs @ MTS - HTS @ e — rl-{lTs -4

Tc =9.8K Tc=18.1K Tc=39K Tc = 90-110K Tc = 90-135K

Bmax Bmax Bmax Bmax > 40T @4.2K; Bmax >40T @4.2K

(4.2K) 9.5T (4.2K) 20T (4k) 5T-10T ? 8 T @20K 12T @20K

(2.2K) 11.5T  [(2.2K)23.5T 4T @65K 8 T @65K

2018 (32 T) 2019 (327) B B

1960 (4 T) 2000 (14 T) 2010 (23.5T) NbTi+Nb,Sn+HT resistive+HTS
Nbzr, NbTi Nb,Sn split pair NbTi + Nb,Sn [ I

17



Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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Quick reminder on heat transfers

Radiation : In average the coldest region gets more photons from the hotest region than it loses itself

Stefan-Boltzmann’s Law defines the relationship between the emission of black bodies with its temperature
Surface density of Radiative power= ¢ € T*

o : Stefan constant, € : émissivity, T : temperature

Ways to limit radidative heat transfer: - reflective materials (metals with low roughness)

- thermal Screening by absorbant materials (N2)

19



Quick reminder on heat transfers

Radiation : In average, the coldest region gets more photons from the hotest region than it loses itself

Ways to limit radidative heat transfer: - reflective materials (metals with low roughness)

- thermal Screening by absorbant materials (N2)

Conduction : Heat transfer, without moving material, between two media of different temperature (vibrations)

Fourier law’s :  heat flux density = — A grad T

Thermal conductivity

Ways to limit heat transfer through conduction : - Materials with low thermal conductivity (thermal insulation)

- Removing materials between two region (vacuum)

20



Quick reminder on heat transfers

Radiation : In average, the coldest region gets more photons from the hotest region than it loses

Ways to limit radidative heat transfer: - reflective materials (metals with low roughness)

- thermal Screening by absorbant materials (N2)

Conduction : Heat transfer, without moving material, between two media of different temperature (vibrations)

Ways to limit heat transfer through conduction : - materials with low thermal conductivity (thermal insulation)

- absence of materials between two regions (vaccuum)

Convection : Heat transfer by moving matter

l /_ refroidissement l

=

Ways to limit convective heat transfer : - to limit matter motion

- absence of matter between the two regions (vacuum)

21



General design of a cryostat

1) Low temperature source
e Cold flux

2) High temperature source
* Hot flux

3) Control of the environment
* Insulated system

4) Measure of tempearture
* Well chosen thermometer

<

1

regulation |

Thermometry

Insulation

® « Cold »

External
conditions

® « Hot »

|

22



One example : QD PPMS cryostat

What’s inside ?

— L3 2N

RNIT3H QoI

(201E

Nﬂ]wtn@

P

4 A
Py

H i

GGk

Q3YAILDY
\
\
L]
1 ™, ]
&

W0JEEHD

IS Nnn:wn_/
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LA 2N

r

|

WNIT3H QINOIT

GELW\HJV\

WOJ4YHD

One example : QD PPMS cryostat

SLdld 114

NIODJLIN QInoll-

)/
&

|
chargaiL/
Insulated Dewar : Cold screen LN2+ | He reservoir PPMS Probe

3I%dS WNNJYA

Vacuum + Thermo- Vacuum + Thermo-
reflective walls reflective walls
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LA 2N

r

S1a0d 1714

NIDOILIN QInoIT-

One example : QD PPMS cryostat

Nuuvmma}dﬂs\

c01E
\

\

LL0F

Gy

WNIT3H QINoIT
WOJHYHD
Q3LYALLDY A\

Tvds WHHJW\—///

CENTER OF
MAGNETIC FIELD

BOTTOM OF SAMPLE CHAMBER
WITH SAMPLE PUCK CON‘I’AC;;“"‘

THERMOMETERS — |
AND HEATERS

‘SAMPLE SPACE
COOLING ANNULUS
SUPER INSULATION
VACUUM

IMPEDANCE—

| ——SAMPLE CHAMBER S C re e n

INNER
VACUUM
TUBE

SHIELD

™~ OUTER
\\_ YACUUM

TUBE

[—— WAGNET

HEATER AND
THERMOMETER

PROTECTIVE CAP

{OPEN TO HELIUM)
IMPEDANCE
TUBE

Btl.LO‘W'S—/

e

CROSS SECTION

1. \V cuum + Insulation
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One example : QD PPMS cryostat

SAMPLE SPACE (mTorr He gaz)
Temperature control (5K-400K) COOLNO ANNULUS |
VACUUM

| ——SAMFLE CHAMBER

1
| J] e
(D Chaud »: CENTER-OF TUBE
hauff (idlif MAGHETIC FIELD -
HEAT
Chauffage re/s ti 4 ) _ HeAT
BOTTOM OF SAMPLE CHAMAER—._| [ ™. OUTER
WITH SAMPLE PUCK COMT ‘;’Ggg““
™ cernox
regulation N e MAGHET thermometer
Thermometry External THERMOMETERS — |
. AND HEATERS
conditions e
Insulation -
N ® « Cold » :
wpEoANCE Cold helium
THERMOMETER
L\ PROTECTIVE CAP
[(OPEN TO HEIJI.IH}
IMPEDANCE = /
TUBE
O « Cold » O « Hot » BELLQWE—"'J#
T -— e 4

CROSS SECTION
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One example : QD PPMS cryostat

Temperature control (5K-400K)

® Chaud »:

Thermometers choice

Cernox :100mK -> 325K
Platine resistance: 30K -> 800K

Typical magnetic field-
dependent temperature
errors* A T/T (%) at B
(magnetic induction)

Package base parallel to field B
57T | o1 [ 14T
20 20 — 250 —
40 0.5 15 B 88

a7 004 014 04 1 17
300 -0.01 0001 002 007

# Recommended for use when T= 30 K

0.13

SAMPLE SPACE
COOLING ANNULUS

SUPER INSULATION
VACUUM

|_—SAMPLE CHAMBER

I
——

INMER
VacuumM

TUBE

HEAT

™ SHIELD

\\_ QUTER
VACUUM
TUBE
cernox

[ thermometer

HAGHET

"

® « Cold » :

Cold helium

L1
.
H!—n_h.,___h‘
WITH SAMPLE PUCK COMTA
[~}
~
THERMOMETERS — |
AND HEATERS
IMPEDANCE——
HEATER AMD
THERMOMETER £
/\ B
IMPEDAMCE —
TueE—— |
BELLDWﬁf

-

e,

r

PROTECTIVE CAP

’ﬂnpcu TO HELIUM)

CROSS SECTION
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Other typical temperature control set ups

Cold finger crysotat Resistive heater

- < Expander

Temperature

ul

Resistive

Controller | _> L
J-v / Vacuum Pump leads
Sourcemeter
co e
Helium Opdea Wil -
Compressor
Water Chiller Pt-Rh/Pt
thermoc
Sample and mount
Quartz I
 holder To Bottom
Temperature control through P
gaz flow (conduction) F

Thermocouple

] o
§ 8 33 ¥ 888

Résistive heater

IVector gaz (Argon/N2)

28
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Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

‘ VSM, SQUID, Torque, MOKE, XMCD, Photo-emission spectroscopy

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry, FMR

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out, Electron-out
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Macroscopic moment measurement

do not confusethetwom’s: « M» and « m »

Magnetic moment [Am?]
or [emu] =[10- Am?]

Wer that is measured
M — with VSM or SQUID

Magnetisation [A/m] \

Volume [m?]

0.0008
4 _ 004} Graph: Data Selection - ULG-SPH-300K-SCAN F 10
Al
( E bl Log Data Auto
\E fo00al I vI v |Fregyency (Hz) ;I e
Y1 - b" [emu) - ¥
But in some tool find : k) —3-
ut in some tools you can find : SR =7
[ =r| =l F
MNOTE: Log scales show only positive values
q — 0038 —Data Group Display Range —
( ._E. IA“ l] |7f'\ Al Records
=
f0026 Show Time |
N [ timis ot | €L [i2
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Induction to detect guitar string motion (1950's)

Pole magnet Metallic string

QTUUU \_J\._r":ﬂ

Figure | — The Frying Pan, guitare hawaienne solid-
body, Rickenbaker 1951.
[Pierrick Lotton, musique & technique, 2009]

; A Frgure 2 — Pic]{up développé par G. Beauchamp pour Ric-
Gibson Les Paul 1952 Fenbaker

String vibrations # AC magnetic field inside the pick up coils - AC electrical current

F. Mazaleyrat 31



First vibrating sample magnetometer (1959)

Rev. of Scientific Instr. 1959
Brevet déposé en 1960

-

Simon FONER 1925 { 2007

J. Appl. Phys. 79 (8), 15 April 1996

The vibrating sample magnetometer: Experiences of a volunteer

S. Foner
Francis Bitter Nattonal Magnet Laboratory and Department of Physics, MIT, Cambridge, Massachusetts
02139

That summer we were living in a small farm-hand’s
house about 1 km from the laboratory and just off the run-
way at Hanscom Field, a Strategic Air Command (SAC) base
at that time. While shaving one evening I decided to try ac
induction for magnetic measurements. With some Duco ce-
ment, a small $2.00 (in 1955) replacement loudspeaker, a
conical paper cup, and a paper straw (the latter components
were light and conveniently available at night from the lunch
room). the first working model VSM was assembled. Initial

My 24, 1960 N L8948
AETIC W ANty

Filsa Jeme 0, Laoe 30 .

Vibration system
“ (10-80 Hz)
= sound speaker

“ Sample holder rod
1 A/ﬂﬁ.z

Pick up coils

nif v e

32



Two VSM geometries

Radial VSM
E W

N
DC field electromagnet
cooled with water I‘(H

\\R\
Air gap
adjustment

) v . A/ L
A N ,‘/' .:,‘, oA , ':
OO0 XY SOOI O o/
OSSO0 " X
ol ()

Polar Return =

: Je————
shield ' .‘ ::'._:---. Y v;»b " >
3 o“-'.'Tvc." XK K AAL IARA S
. Jff,
Pick up coils
(M Sensor) f 4,
1 N' 1

Sample holder rod

=1

Polar pole

Hall probe
(DC field sensor)

Axial VSM

Linear motor

Field

triphased coils

magnets

= __.Sample
—— Pick up coils
(M Sensor)

-

1' Reference
position

(
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If the sample is considered as
a single magnetic dipole :

Axial VSM equations

B. — ko 3IMAR* M
zZ {h2_|_r2)5/2 (h2_|_r2)3/2

3Mh* M -
b= [ B,dS = fo [(h2+r2)5f’2 — (h2+r2)3/2] 2mrdr

poM | 3h* 1 1
2 (h2+R2)3j2 (h2_|_R2)1/2

Taylor : ¢ = 555 [ 3+2R4+1§E4+o($
H<<R

"F-‘.

If the sample vibrates alongz: h(t) = h+ asin(wt), a<< h

do  -poM d |
d—(: — !;DRE} d (h2 4 2ah sm(w ) - 32 SIHQ(MI))
Induced fem for n spires : -n% _ n,u.o@haw
dt 2R3

34



Radial VSM equations

DC field electromagnet
cooled with water

. Sample holder rod

Polar pole

Air gap B
adjustment

”
” !

Polar Return =

shield Hall probe
Pick up coils (DCfield sensor) r(rsinf+h) 9+h)
Mserso) ¢ @: n,uc@a I (Sr ) drdf
o
TZ- r'? :x§+ r2c0529+(rsin9+h)2

h(t) = h + asin(wt)

Both VSMs carry good sensitivity (down to 10° A.m?)
because of the synchronous detection (Lock-In)
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Two VSM geometries : usual tools

Radial VSM Axial VSM

Up to 2.7 Tesla
300K up to 1200K
Easy sample rotation

MicroSense (USA),

Quantum Design (USA)

~a————_

Up to 9-14 Tesla
2K up to 400K

S ‘ Cryogenic (UK
LakeShore (USA) YO8 (UK)

36



Example 1 : anisotropies In crystals

Fe bcc atomic lattice anisotropy leads to prefered
directions for the atomic magnetic moments. This
translate into an anisotropy of potential energy :

Ene = K1 (a%102,+ a?ya%3+ a?30%) + K, (0?02, a?3);

where o;=cosH; ; 8, -angle between axis and M

From the litterature :

M (gauss)

B, (gauss)

0 500 00 600

1 L
. [100]
. [-100]
. [110]
. [1-10]
0 L

V/Fe(5 nm)/V/Au

0
Field (Oe)

0 Fe(100)

1000
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Example 2 : study of structural transitions

Shape memory One example of industrial application :

. . Austenite .
effect in Pauli 'II\'I'I Coupling -\‘Hcal‘,»
. . I f
paramagnet NiTi : T T 7 ™
“'m;ul [ — dtqf( |' dum; <“‘[th
O 1 H ‘
0’5’\\0 OOO&- - £ X
p ® (a) i
(b
- —
deformation % g i i ‘
Martensite Martensite

G]

L A . NiTi free standing film (20 um thick)

0,015
. 0,010 [ g E— NN Ny —Ey——
; =) e
E S,/ 0,005 - / a3
c
(—% g 0,000 / ./
g S :
@© = 0005 _/
GJ |
T S | . e
c§s -0,010 | /_/./ oy mw "
. . ‘ : : : : ‘ 0,015
20 30 40 50 60 70 80 90 T
T t /oC 20 30 40 50 60 70 80 90
emperature
N P Temperature (°C)

==

thin film solutions

A. Kyianytsia et al., APL 117, 122411 (2020)
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SQUID magnetometer

http://squid-cmmp.blogspot.com/2011/07/blog-post.html

SQUID = Superconducting Quantum Interference device

SQUID

(V)

]
=
-

Measure good data for

signal as low as 101 A.m? -
|
2 - I )
() f’ﬂhﬁ Linear Regression \h_
*
1 fl'l II". . (cm)
- Foloy L
= J \
0 ’ \ |
. 7 . :
\.J; 1‘1/‘ Vt{h_il@ 1 3 : 3 : 3 : 3
[ e B R B S (+d)2+22)2  {@+0)2+a2}2  ((z-b)2+a2}2  {(z-d)2+a2}2

Z (cm)
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Magnetic flux through a superconducting coll

Vector potential B=rot(A)
Electrons are coupled in Cooper pairs

Superconducting current : f: ”—nf(ﬁﬁgo — 2—;5)

— —

If there is no current : QSJTFI = 0= h27m.N + 2e ff BS

Perfect Superconducting coil o h
) | [[65=n = o
e

1 quantum &g = 1L =2.1071% Tm? (=Wb Weber)

- Magnetic flux in the coil is quantified

' - when superconducting, magnetic field cannot vary inside the coil

L. Ranno 40



Magnetic flux through a superconducting coll

Electrons are coupled in Cooper pairs
S ducti t: [ — Ne(B\/ ., 26 A
uperconducting current:  ; — - (ﬁV(,O - A)

—

Perfect Superconducting coil o h
) | [/ 55 = . = nog
e

If there is no current : fle = 0= h27m.N + 2e ff BS

—

1 quantum &g = L =2.10715 Tm? (=Wb Weber)

2e:

But magnetic field can penetrate through defect :

Normal semiconductor
or insulator.

I|2 T~

Josephson junction
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DC SQUID : 2 interfering Josephson junction

Magnetic field :
b :
‘ : Lock-in
Amplifier Integrator
P detector 8
Superconductor ‘= r=\ s \A;
- = o = f
Biasing ’ | Biasing fm Oscillator I |
current _ ' current -
Josephson
jun ct!?cm DC CHARACTERISTICS AND NOISE PERFORMANCE
60 L ERE N T T T T T
50 |- 4 = l,=31pA -
- N R 10 maximum -
g é,c'? —~ X transfer
One period of &8 E 30 - i
voltage variation € @ §55 =
correspondsto _ ,~ P :? ke 490 - i
an increase of ITL2 :
= @
one flux quantum S5 & 10 - W
h E 0 i . PR I (NI T Nt | | L |
0 10 20 30 40 50 60 70 0 1 2 3
Résolution on magnetic flux of 10 ¢, I (uA) Flux @ /@,

Measured Voltage-Current (V-/) and Voltage-Flux (V-®) characteristics of a typical
M800 dc SQUID magnetometer operated 4.2 K.

If SQUID radius=1mm=>AB = 101> T

R.L. Fagaly Review of Scientific Instruments 77, 101101 (2006) 42




Example : detecting Ni nanoparticles

X
—a—H1—1—1—81—§1—§— s

3 —a— prut 5K -
—=— brut 100K e ITaE
nanotu
—m— bruF :_%S)OK cleainin
—o— purifié 5K

—0o— purifié 100K
—o— purifié 300K

magnetization (A.m?.kg?)
N

e of carbon
ves before

g process

o 2 4 6
Field (T)

SQUID-VSM : Small signal
measurement

Method for detection of Ni nanoparticles after
they are used to grow carbon nanotubes

B.Vigolo et al. 1JL Nancy
European Patent PCT/FR2011/052519 (2011)
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VSM and SQUIDs limiting factors

Final Lock-in voltage =
Gain Xx Moment x Sample geometry factor x Coil
) geometry factor x Amplitude x Frequency

* The parameters in green are accounted for through
calibration with a standard of known moment for a
particular VSM coil set.

* This leaves sample moment coupled together with
its geometry factor. This is very important to
consider when interpreting the measured moment.
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Experimental limiting factors : sample geometry

Final Lock-in voltage =
Gain x Moment x Sample geometry factor x Coil geometry factor x Amplitude x Frequency

Film in-plane Film out-of-plane
o @
0.006| —— 1mm| & 00069 ——1mm 4
1l —2mm| = 1l —2mm =
3 mm g’ ~ 3 mm =
- (@) - —~
0.004 amm| S 0.004 4mm|
5 mm % 5mm| @
3
—~ 00024 ——6mm| T —~ 00024 ——6mm| g5
2 7mm| & 2 7mm =
= g = =
QL 8mm| <& L 8mm| &
£ 0.000 ® £ 0.000 )
£ £
[e] T [e]
= 0.002 . = 0.002 Pick
_ Pick-up _ ICK-up
0,004 i 0.004 coil
0.004 - coil 0.004
1 v -_
-0.006 : : : : : : . -0.006 : : : : : : .
-40000 -20000 0 20000 40000 -40000 -20000 0 20000 40000
Magnetic Field (Oe) Magnetic Field (Oe)

Example of a thin film sample geometry effect for SQUID VSM
(4 mm x4 mm x 200 nm Ni film on silicon)
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Experimental limiting factors : sample geometry

Final Lock-in voltage =
Gain x Moment x Sample geometry factor x Coil geometry factor x Amplitude x Frequency

‘ QD Software : Corrected Moment = Measured Moment / Correction Factor

Gl ooy NifilmMsSVSM
] ®  in-plane
— Reference Geometry (Pd Cylinder) — — Sample Geometry ° ® out-of-plane
. . 0.0058 + A in-plane corrected
Height {mm) [2.20 | Thin Fim {Field L ab) =] | o v out-of-plane corrected
o
Diameter {mm) |2.E~ﬂ a (mm) |4 0.0056 -
— | [ ]
DC Scan Length (mm) I-.?rﬂ b (mm) |4 g °
@ 0.0054 - ®
= °
c )
Radial Offset fnm) [0 2 0.0052
E o
=
Measurement Parameters —— [ Estimated Camection Factors
0.0050 A
W5M Amplitude {mm) IE W5M Measurement 1.112
— ] | .
DC Scan Length fmm) [30 DC Scan [1.077 ooos{ v s g n ¥ "
1 v v v v v
I I i I i I I I 1 1
Calculate 0 1 2 3 4 5 6 7 8

Amplitude (mm)
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Experimental limiting factors : background

3.0E-4

2.0E-4

1.0E-4

0.0

Moment (emu)

-1.0E-4

-2.0E-4

-3.0E-4

—NiTi + Kapton + Quartz Paddle
—— Kapton + Quartz Paddle
—— NiTi

|

-20000

T T T T T 1
-10000 0 10000 20000

Magnetic Field (Oe)

Final Lock-in voltage =
Gain x Moment x Sample geometry factor x Coil
geometry factor x Amplitude x Frequency

contains any magnetic signal from
the environment (background)

Here, same piece of Kapton tape and sample holder measured

But it can be worst... and if you don’t check, you don’t find out

MPMS3 Install/Remove Sample Wizard

=)

MPMS3 Install/Remove Sample Wizard =3
Sample Holder Coordinates for Center Position Sample Holder Coordinates for Center Position
Sample Holder [@ Sample Hdlder [@
=ll—=c551 i ——— - o @l——6. 00 rirn ——{
B B Qffset: BE.51 mm :

.

__________________________

Offzet: BE.0O0 mm

'g 41 E S ] tarual Offzet Entered
(L)
E 2] l <==5Scan for Sample Offget ; 2 e l <==5can for 5 ample Offzet
5 T 1
E B [Maboofifocochbooothooofbiton
g 0 - Enter Offzet manually g Enter Offzet manually
1 _________________
] i OC = 3 i oC -
= T - : - Eentering Method -2 C : C : Centering Method
40 50 60 7o &0 50 Scan time 3 - & 40 50 60 70 80 50 Scan time 3 - 3
Sample Offset (mm}) Sample Offset (mm)
| <Back | [ News> | [ Cancel | «Back | [ Mew» | [ Cancel

without the sample to obtain background signal.

In the case of a non-
uniform background
signal, the software is
still trying to fit the
curve whatever the
curve is.
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Experimental limiting factors : trapped field

The superconductive magnet can have trapped flux especially when the magnet has been loaded
at fields larger ~0,5 T

T T T T —a— 50 Oe/s
—e— 100 Oe/s
—4a— 200 Oe/s
v— 300 Oe/s
4400 Oe/s
—<4— 500 Oe/s
—»— 600 Oe/s
—e— 700 Oe/s

-10

15

moment (arb. units)
(=]
T
|

-20

Remanent flux (Oe)

-25

-30

100 1000 10000 100000
Ramp field (Oe)

! ! I 1 !
-40 -20 0 20 40
real or reported magnetic field (Oe)

The System does not measure the actual field. The reported field is
calculated based on the current placed in the magnet.

48



Experimental limiting factors : temperature

T sweep (cooling)

T stabilized

> time

When measuring while temperature is
sweeping, there will be thermal lag
between the measured and the actual
sample temperature.

T sample - T chamber

T sweep (heating)

= SQUID VSM
104 | e PPMSVSM

‘ Don’t sweep faster than 3K/min
even if your tool can go 20K/min

T T T T T T T

L T T
0 J 2 4 6 8 10

Maximum Sample Temperature Lag (K)

Temperature Sweep Rate (K/min)
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Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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Torgue magnetometry

Magnetic Field

Sample position
(here out-of-plane
uniaxial anisotropy)

Torque measured via piezoelectricity

https://www.youtube.com/user/QuantumDesignUSA

Uniaxial anisotropy E_ = K, sin26

Ar

0 | 1
0 45" wr 1357 180°

Torque -dE,/d6 = -dE./d8 = -K, sin26

I /\
g Hand ‘

Eay
N e
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Torgue magnetometry

LI //// torsion wire
W, @ 35um,
<> ioomm

Pick-up coil

; damping
magnets Drive coll elimination

mirror sy
pendulum hoto- %
§

sample

Uniaxial anisotropy E_ = K, sin26

Ar

0 1 1
0 45" %" 138° 180°

Torque -dE,/d6 = -dE_/d6 = -K, sin26

& r
Funy
A

T . /\
Hard
- s
Emy
A, an “:

l

Bergholz, EImers, Gradmann, PRL 63,566 (1989) / Appl. Phys. A 51, 255 (1990) 52



Torque magnetometry : non-uniform configuration

Magnetic Field

» CofPd

P. Vallobra, JAP 120, 013903 (2016)

dE
Torquet =

da

Energy (a.u.)

calculations

[

0O 50 100 150 200 250 300 350
o (deg)

= experiments
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Magneto-optical Kerr effect magnetometry

M. Faraday (1846), J. Kerr (1877)

B. Hillebrands
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Magneto-optical Kerr effect magnetometry

M. Faraday (1846), J. Kerr (1877)

Classical description

dielectric

conductivit B ]

tensor ! O-G _o-lmz 0
AV

o=\ om, o 0

0 0 o, |
I diagonalization P+ = Ty 10,

v=cln, v=c/n. ‘ O_ =0, 10,

B. Hillebrands

0. =0,

% +(a)) \/1+ﬂ6 (a))
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Magneto-optical Kerr effect magnetometry

M. Faraday (1846), J. Kerr (1877)

Classical description :

dielectric
ductivi _ _
conductivity O_G —O'lm, 0
tensor N z
c=|om, O, 0

0 0 o, |
I diagonalization P+ = Ty 10,

v=ch, v=cn. | NS O =0, +i0,

0. =0,

+(a)) \/1+ﬂ6 (a))

More generally : 3 useful configurations

o, —oym, oym,
o(M)=| om, o, —om,
| —oym,  oym, T,

Polar Kerr effect Longitudinal Kerr effect Transversal Kerr effect
(PMOKE) (LMOKE) (TMOKE)
M L sample surface M || plane of incidence M L plane of incidence

Mo e/ e/

57 £% 577

B. Hillebrands
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MOKE example : sensitive to surfaces

Example : study of magnetic anisotropy in multilayer thin film Ni(0.6nm)/Co(0.6nm)/Ni(x)

e ——e

MOKE sigal (300K)
A
)
ﬁ/

— ¢ m - Magetic Freld
/wwf - :

LA™

X (atomiclayer)= () 02 0.3 04 0.5 0.6 03 1.0 1.2

--------
. SN

-------

............
00000000000000000000000
»

SRR P DS ANCIN BB S R SO Applied
T % % Y Cags T g Sl An et et tetete § : AR ("0 (0.6nm) PP .
Provsesadeteteten o i Rt £ ¥ e Bey At magnetic

"t "
20T

* 4 A - . .5
S _ W S . : e . 5 - - 5 . 5 "
......... " h'. - » . . - - . - ..- .‘..Q...‘.. " '. ".I'I‘..I .- . 1
...................................... . ie
N : . NN Nt o7 o : : o

------------------------------------------

I R e R B B e e e A SRR Ni (0.61nm)

MOKE is only sensitive to about 20-50 nm thickness at the materials surface
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MOKE magnetometry : imaging and dynamics

(a) Kohler illumination (b) digital camera
: " - IP primary image
retarder / i ; \ ‘ \
. plate tube tube lensl ; L
polarizer | lens analyzer 3 ; tyam | I’ —t ) m
: Joiii=-Bertrand lens
MOKE can be focused and so LTy I beamspliter
it can be used to perform HP LED %%y
magnetic microscopy || l %
‘ Ip aperture, — back focal plane (AP)

W opme@P A AT T -
T objective lens

(C) . ) ‘%_ image plane (IP) W/ specimen
. «— —

illumination : observation

i f z Picosecond SOT switching

Y\L'x observed by MOKE

J. Gorchon arXiv:1912.01377

Laser can be pulsed so that MOKE
can be used to probe magnetic
changes at different timescales
down to femtosecond

P s photoswitch magnet

J. McCord, J. Phys. D: Appl. Phys. 48, 333001 (2015) 58



MOKE magnetometry : microscopic model

spin-down e spin up e absorption
101 110T) spectrum_l_ Transition energy = eV
. A A A ~ a1
Fermi S L P SN bl et
level : Am=-11| _ Am=-1 Am=+1
Am=-1{ {Am=+1 U7 |4 circularly left | circularly right
P |- polarized light | polarized light
A 1211)
% di 1
|2-1 T o 3
TV I el N
P 2D Aex | | I x  Electron (I, m, s) transition rules :
gl i > dl| exchange & <
L |21 U interaction ¥ iy e Energy: F —F =hom
spin-orbit Ry (absorbed phjoton énergy = difference
coupling v between final and initial state)

= Both spin orbit coupling and exchange are necessary for MO activit .
P piing g y y e Electron spin : As=0
Hulme, Proc. R. Soc. London A135, 237 (1932)

(spin of electron is preserved for electric
Bruno, PRB 53, 9214 (1995)

dipole transitions)

¢ Orbitum momentum : Al=+1

(photon has angular momentum 1h).
Therefore only s<»p, p<«>d etc. are allowed

¢ Orbital momentum along z-axis : Am=+1

(determines if photon is right/left polarized)

P. Bruno, PRB 53, 9214 (1996) 59



X-ray magnetic circular dichroism (XMCD)

Band picture

Atomic picture

<X
3

mg=
< -1/2
3d —
E 112
Dipole Dichroism
Al = +1 Am, = +}
= Amy=—
As=0 A, =0
XMCD disentangles spin and orbital
magnetic moment
62.5%4 $375%
XMCD disentangle the moment
from specific atoms in an alloy or a
multilayer 2ym Ly
%% ¢75%
XMCD requieres to work in 2p T 25/* * °
synchrotron to get enough X-ray — ~-15eV
flux (700 - 900 eV for Fe,Co,Ni) \ ‘ 2py s Ly
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X-ray magnetic circular dichroism (XMCD)

Photodiode

=
BN

=

»

s
I

< 0h
A
\i CR

. Co NI

Total Yield (arb. un.)
=

o

0.0
3p —2q |
M, 2(5?‘*)% = .F:-( . )MB ?
b
15> Zq - -0,1
= (L.)— = —
Morh = (L) - h (3:‘)”3 E ‘ {
p—
integral b
pNi
_0’2 A I - 1 " Il "
L v 800 850 900
\ « Surface » sensitive technic (< 50 nm) Photon Energy (eV)
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Example of XMCD data

Example : morb and mspin
of Co in contact with Ni

£p

3d Co
bulk

0.25ML (111) Ni 10ML
‘*‘)
10mm
Lr ]
|—’ r
< | -3
—_
S

b o5 10 is

Ay, (107 p /at)

S. Andrieu, PRMater 2, 064410 (2018)

22 . I
—~ () B ;
= 20 L J‘I‘TIT 1
grisne
2 1.8 - IL
g L
1.6 |- L £
! [k
| 4 [ bulk Al 10 bulk
D 025 T T T
- R
£ 0,20 L
= TN G Lk 17
0,15 bulk B bulk
B L EET m Wit
0O 2 4 6 8 10150 0 1 24 8
t., (ML) 1/t. (ML)

1) Co Spin and orbital moments are affected by
the Co/Ni interface electronic hybridizations

2) The macroscopic anisotropy constant is
proportional to the anisotropy of orbital moment

Ku - A
4V g
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Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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AC susceptometry : measure of susceptibility X

i i il «2»
sample Pick up coil as coil «2»

0O o _ By,
D, = jﬁm dS; =Mp I 3
P

ﬁ '2-:: Sample as v P = .[ By1dS) = By S; = My I, =811, 5

M) =My, =815

B @ =ML =TuSik= T

H(t) = H, cos(wt)
produced by an air coil

pick-up coil
Faraday’s law ,

_ 0¢, — am, avec
— = - or 92175

Excitation frequency

1
‘ v = (5) Vf H1 X+— Sample susceptibility
\

Sample volume

Hy=H, [et]

M= M, [elt]

Here the sample
does not move

Proportionnality factor /

M. Nikolo, Am. J. Phys., 63, 57 (1995) 64




Coil sets in a PPMS

SAMPLE SPACE
7.7mm DIAMETER = I @ ACMS INSERT

AC DRIVE COIL | 306

s

AC DRIVE COMPENSATION |
COIL

[

4.6in.

DETECTION COILS <+/= ¢11,7cmd

1

L e L

~

Each detection coil alse contains a low-inductance calibration coil. These two single-tun calibration
coils are connected in series and are situated at the center of each detection coil. where the sample
measurements occur. Duning AC measurements, the aceuracy of the phase and amplitude calibration
is increased by placing the sample berween the two detection coils and switching the calibration coils
into the detection coil eirenit with both possible polarities. The calibration coil is a feature found only
on the Quantum Design ACMS.

Frequency range 0.1Hz-1kHz
AC amplitude 0.01a 1 mT

Figure 1-1. ACMS Insert and Coll Set

Physical Property Measurement System AC Measurement System Option User’s Manual
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Measurement method in a PPMS

2 coils in opposite

current direction to
cancel applied H(t)
and to be sensitive

to the sample

By default. the sample undergoes a five-point measurement process that utilizes the calibration coil

to increase measurement accuracy. The first readmg is made with the sample posttioned in the center
of the bottom detection coil. Then the sample isp of the top detection coil, and
then in the center of the bottom coil agaif DILI‘IIJE all ﬂnee 1&:1(111.125 the Sjenals from the detection
coil array are amplified. low=pass filtered. aidrote ateg=ro-digital converter (A/D).
These signals are stored as waveform blocks in the da‘ra butte1 All 128 buffer points are wsed to
record each response waveform. The points are fitted and compared to the driving signal to determine
the real and nnaginary components of the response when the sample 1s in the center of cach detection
coil. (Imaginary components are in phase with the driving signal and real components are 90° out of
phase with the driving signal.] Subtracting one reading from the other gives a sample vector in the

complex plane.

=nrer of the

When the bottom-top-bottomn coil readings are complete, the g
detection coil array so that it 1s between the two detection pils. T\w more Leadulgs arcXaken with

the calibration coil switched into the detection circuit with oppUTIE S zal and imaginary
components of each response waveform ars obtained by again ﬁﬁme the data and compfu'me it to the
driving signal. The two calibration readings are subtracted to yield a calibration vector in the cmnplex
plane. Subtrac‘rmg the two calibration 1'each11_gs subtracts out the sample signal, leaving only environ-
mental and instrumental factors that atfect the reading.

©® ©O O

jusuwiainsesy\

uone.qieD

Physical Property Measurement System AC Measurement System Option User’s Manual
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AC susceptometry equations

H 4 M

_____________________________

H(t) = H4 cos(mt)

[ =21 f] \

—» <+— PHASE-LAG

M(t) = M, cos(ot - 0)
= M, cos(o) cos(ot) + M, sin(o) sin(mt)

\

Y A | Important remarks !

» M(t) is assumed to follow a sinewave
» Physics dictates that M” should be > 0

‘ M, =M, [elt] with X_‘I=M1XH1=X’-J')(”

Ph. Vanderbemden 67



AC susceptometry equations

When M(t) is assumed to follow a pure sinewave (i.e. only one « fundamental » signal at one frequency ®)
the complex AC susceptibility reads:

x1=x=gc’-jxj\’

Out-of-phase

component

/
In-phase
component

y’ is related to magnetic energy
stored in the material

y” is related to magnetic energy
converted into heat

v’ < 0 for diamagnetic mat. If there are no losses:
x!! =
v’ > 0 for paramagnetic mat.
ferromagnets If there are magnetic losses
anti-ferromagnets Y’ >0

ferrimagnets
etc.
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AC susceptometry equations

Most of the time M does not linearly vary with H :

A H(t) =H; cos(nt) Y M) 1

1 coster- o) i-phase and
out-of-phase

components

+ M5 cos(3ot - 05)

... With both

in-phase and
out-of-phase
components

> t

BUT M(t) is still a periodic signal of the same period as the AC field.
Therefore, thanks to the Fourier theorem, M(t) reads

[ M(t) = Hy Znz1 (xncos(nwt) + x5 sin(nwt) ) J

If M(t) is a pure sinewave : y; and yionly — y' (=yi)andy” (= x1)
If M(t) is distorted : — the harmonic susceptibilities might be = 0

[ » Harmonics originate from the non-linearity of the M-H process ]

69



Examples of AC susceptometry data

0.05 — T

M Lo )

A

To characterize 0.04 —'_— ::;Tﬂ:‘w;n — _ Xo = X
Bownian relaxation Y ; A — X=X
of nanoparticles >

AC susceptibility

L]

I

S

[--'

)
I

o

8

p—

> ] ] ] ] ] i X 72
1 e AR M S— 1+ wr

H : :

We assume a Debye-type relaxation: 001 _;":T I T R x,=0 and y/=0

Xo — X S S R
co ; ; : : ;
— + == L i i TP SRS S No harmonics
X Xoo 0
1+ jwrt 110 100 1000 10* 10° 0% 107
f (Hz)

Saturation

* X ’f’f"‘ﬂ!‘—}

P ®

To find transition By
*
L .
* Kk ok Aoy 50 =g

between 2 magnetic
configurations

1
-
()]
o
o

Stripes / e
elongated ®
bubbles D ®

1
=d
N
o
o

o
444444

I —r‘.‘ 0
10 15 20
T (K)

&
Bubble ® 4400
0.1 ——— CeRu2GazB . p:"“
5

500 1000 1500 0
Field [Oe]

M.L. Maus thesis (2019) 70



Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

‘ VSM, SQUID, Torque, MOKE, XMCD, Photo-emission spectroscopy

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry, FMR

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out, Electron-out
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microscopy techniques : a rough map

/

Kerr MTXM
Faraday STXM X-PEEM

X-holography

NV = NV center of diamond probe

MFM = magnetic force microscopy

MRFM = magnetoc resonance force microscopy

MTXM = magnetic transmission X-ray microscopy

SEMPA = scanning electron microscopy with polarization analysis
SNOM = scanning near field optical microscopy

Electrons detection

\ MFEM

Scanning local probes

SNOM
Electron in MRFM
Electron out SP-STM
NV microscopy
Lorentz SHPM
SEMPA
SP-LEEM

e-holography

SP-LEEM = spin polarized low energy electron microscopy
SP-STM = spin polarized scanning tunneling microscopy

STXM = scanning transmission X-ray microscopy

X-PEEM = X-ray photoemission electron microscopy
SHPM = scanning all probe microscopy
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Which technics fits your need ?

The 1st parameter to check may be the size of your object...

Spatial scale
- 1 mm
Magnetic domains
——100 pm
— 10 pym
.— I Micro/Nano
—— 1 pum T ‘
structures
100 nm Domain wall
—— 10 nm m
-— 1 nm :
== Nanoparticle,
= molecules
—100 pm i




Which technics fits your need ?

Spatial scale

—— 1 mm

——100 pm

— 10 pm

— 1 um

— 100 nm

— 10 nm

— 1 nm

100 pm

The 1st parameter to check may be the size of your object...

Microscopy techniques
Network of sensors

Magnetic domains

Hall/GMR sensor
microscopy

Micro/Nano  Kerr microscopy

structures
Domain wall TXM
SNOM
MFM
N2 Nanoparticle,
‘molecules  SP-STM

) FProbed atial | T al Info.
Technique Qur:ntity Rm[;uﬁon Hx:-esr;]]ﬁ?;n szih Comments
stray field Thin samples,
Lorentz + 10 I sample [Quantitative info. with
Microscopy sample i s aAverage differential phase
induction contrast microscopy.
tray field S
. Shray e Quantitative info.
Electron + . sample .
Hnm 10 ms through mathematical
Holography sample average | . .
-nduction Image reconstruction.
et Chuantitative info.,
SEMPA :.:agtin:un B 20 nm 700 p=* I nm Long acquisitions,
UHY required.
UHVY required,
magneti- ) Teuallyv Tow
SP-5TM 1_1131;1 atomic 120 ps=® surface Usually low
zation temperature,
Long acquisitions.
Potentially invasive,
MFM || stray field | 10-100nm | low 1000nm | LORE acquisitions,
Few sample
requirements.
et sample Synchrotron technigue,
TXEM g_ B 25 nm 5 ps wp Chuick overview
zation average .
images,
STXM ma.gl_'letl- 95 nm 50 ps sample Sj-'pn:hmtmr.l _lcd:hnlquc__
zation average | High repetition rates.
et Svnchrotron techmique,
PEEM mgtion B 25 nm 50 p= Jnm Discharges possible
due to high potential.

R.M. Reeve et al., arXiv:1806.07767v?2
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Spatial scale

——100 pm

—— 10 nm

—— 1 mm

Which technics fits your need ?

... But you also need to check other criteria...

Magnetic domains

structures

Nanoparticle,
“'molecules

Sp-STM |MFM NV | BEMM |SEMPA SPLEEM| TEM XMCD| XMCD-
-PEEM | microscopy
(Fresnel ZP)
Resolution 150m |219 | 15nm| 10nm | 10nm | 1-2nm[220M 15nm
nm — 10nm
Sensitivity | High | Med | High | Med Med High Low | High High
In-field Limited|Limite local No? [Limited| No? YES
Versatile* Yes No Yes UHV  |Limited| Yes Limited
Dynamics No No No No No No New | Yes Yes
Element- | i ited | No | No | No No |Limited Limited
sensitive
Probes m, H, H, m, m m m,, my, my,

What is measured?

LI Magnetization, induction,
stray field?

Environmental conditions

L Temperature

L Field: magnetic field, electric
L Elemental resolution ) ]
L Electric current, light etc.
L Direct or indirect? )
L Strain
L Quantitative or not?
LI Additional measuring techniques
Which specifications? Versatility

L Magnetization: 1D, 2D, 3D
Depth resolution: surface or volume?
Lateral resolution

Sensitivity

C C C C

Time/Spectral resolution

L Sample preparation needed
Time per one measurement
In situ / ex situ

Large-scale or in-lab?

C C C C

Expensive or cheap?

O. Fruchart, ESM 2017
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Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry, FMR

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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Magnetic force microscopy

The cantilever as an oscillator

Laser mz+Tz+kz=F|(z)

Multigquadrant photodicde
with: F(z)=F(z )+ (z- z,)a,F

Mere 1
renormalization: ®, .4=®,|1- —9a,F
Cantilever ’ 2k
T-ip - - -
Probing forces with the phase shift I

0.0 —

. Attractive: red shift

Sample . Repulsive: blue shift

Pizeoelectric stack or tube

G. Binnig et al., Phys. Rev. Lett. 56, 930 (1986)

AFM characterizes topography
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Magnetic force microscopy (MFM)

MFM : two-pass technique

MFM
AFM = T~

B

—

Sample

) First pass: measure topography

.. Second pass: measure magnetism
NB: other measurement modes exist

Y. Zhu Ed., Modern techniques for charact-
erizing magnetic materials, Springer (2005)

Example: magnetic domain configuration of

[Co/Pd] multilayer on patterned substrate

[Co/Pd]

7\

L. Piraux et al., APL 101, 013110 (2012)
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Magnetic force microscopy : criteria

What is measured? //
J (Stray field?
J

Indirect?

</ Hardly quantitative

Environmental conditions
I Temperature
Field: magnetic field, electric

Electric current, light etc.

Strain

C C C C

Additional measuring techniques

Which specifications? O\

< Depth resolution: surface/volume

< Lateral resolutio
< Sensitivity: medium (Inm thickness)

. Time/Spectral resolution: slow

Versatility /

«) - No sample preparation needed
<) Time per measurement: few mn
“ Exsitu

< In-lab, cheap

Tip-sample interactions can impact the
magnetic configuration of your sample

d<. May influence @/

scanning direction
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Scanning GMR/Hall probe microscopy

AFM Probe GMR/Hall sensor

@
laser
Pont de
_—
Wheatstone H
//’//\ /;/;\T\‘ échantillon
HH bR magnétique

—A //fiﬂ

photodétecteur

controleur

: SENIETE
A
controle{x;y;z}

topographie

— > signal topographique — information magnétique

HoH (uT)
200

@-—' signal MR

Upg  poH

?FM Probe
/GMR/HaII sensor

few pum ]

J. Moulin (phD thesis 2020)

Advantage : To get a direct access to magnetic
field instead of its second derivative as in MFM
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Scanning GMR/Hall probe microscopy

Advantage : To get a direct access to magnetic field instead of its second derivative as in MFM

AFM Probe GMR/Hall sensor

I \ photodétecteur
=3
\ =

laser

controleur

Pont de R L I L] L] L L I L L L L I L] L L L] I L L] L] L I L L L]
Wheatstone H 5 ¢
H —> signal topographique B ':. ¥ Y S H P M SCan
A AN échantillon - | % . -
AR [*e, :
AR 1 magnétique 20 - sl
. {_\\\I/;;g,a,_ s [

G
controle{x;y;z}

l@—' signal MR

Upr & poH

AFM Probe
GMR/Hall sensor

0 100 200 300 400

» (m)

K. Hasselbach (internal com., 2014) 81



Spin-polarized Scanning Transmission Microscope

Sample Magnetic tip
Magnetic tunnel junction with vacuum : :
X 4 Parallel &
6 ntiparallel
el = =)
g 90t . =a |
gse_ ; ~{\i Parallel - 1 Ievw
ool = ] J L = Co island 3
84-.4-2/«“*.;: | i High y
010 005 000 005 0.0 current
Applied field (T)
b L
dl/dv Antiparallel
A >/'<’-:5::- -
E, G
< '_-.:::é g P 1ev,,,
AP Yy
—~ Low f
current

N

Filled states Empty states

S. Rohart (ESM2017)

Bode, Getzlaff, Wiesendanger, Phys. Rev. Lett. 81, 4256 (1998).
Wulfhekel, Kirschner, Appl. Phys. Lett. 75, 1944 (1999)
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Spin-polarized Scanning Transmission Microscope

What is measured?

) Related to magnetization and element

“JIndirect? /

- Not quantitative

Which specifications?
- Magnetization: 3D

Depth resolution: surface.
Lateral resolution: atom

Sensitivity: high

L C C C

Time/Spectral resolution: emerging

Environmental conditions
. Low temperature only/

./ Field: magnetic field/

u Light/

Versatility

< Ultra-high vacuum and single
crystal

- Time per measurement: minutes

. Mid-scale in-lab.
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Outline

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues

mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry technigues

mmm) AC susceptometry

V. Imaging techniques

mmm) Scanning probe microscopies, Photon-out
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Using XMCD contrast to image

Magnetic sample

N

LT T T T
M 2
meeaad L
Circularly %6 "
polarized :’ :
Synchrotron "“9“’ T = 4
photons £2
- 2

690 700 710 720 730 740
Photon Energy (eV)

X-ray absorption depends on the angle of incidence
regarding to the magnetic moment direction

=> Magnetic contrast

BONUS : Absorption depends on electronic transitions
=> Chemical selectivity

85



X-ray miscroscopy

Transmission X-ray microscopy (TXM)
(ALS, SLS, BESSY I, ANKA)

Condenser
zone plate

Plane
mirror

ALS Bending

Mag~~+ Micro

Advantages : large image (10 um)
with good, 50ps time resolution

Disadvantages : mostly 300K, small field, lenses

Distance between 2 circles => resolution (here 15 nm)
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X-ray miscroscopy

Transmission X-ray microscopy (TXM)
(ALS, SLS, SOLEIL, BESSY Il, ANKA)

Condenser
zone plate

Plane
mirror

ALS Bending

Mag~~+ Micro

Advantages : large image (10 um)
with good, 50ps time resolution

Disadvantages : mostly 300K, small field, lenses

Distance between 2 circles => resolution (here 15 nm)

Scanning TXM

(ALS, SSRL, SLS, Soleil)

Monochromatic

X Rays ] ] _
Still 50 ps time resolution
l l l l l and 25 nm resolution
Focusing Lens (CCaD BUT Only one lense

AND Scanning
=> More flux locally

| SCanning
Sample Stage

X-Ray
Detector
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X-ray miscroscopy

X-ray Holography

Advantage : 400K-10K, more space around the sample
Disadvantage : sample preparation,

limited image size (< 2 um)

Loss in resolution (50nm)

Phase retrieval

Dynamics in MTXM, STXM,

Scanning TXM
(ALS, SSRL, SLS, Soleil)

Monochromatic

X Rays ] ] ]
Still 50 ps time resolution
l l l l l and 25 nm resolution
Fooeng Lans (DY BUT Only one lense

AND Scanning

=> More flux locally

Scanning
Sample Stage

X-Ray
. Detector
Holography requieres stromboscopy
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Example : STT-induced switching by STXM

t:OpS CO Preset t=0ps t =50 ps

« Top
view » o

Excitation : Current pulsed at t=0ps

Preset 150 ps
B - --

250 ps 550 ps 1200 ps

D.P. Bernstein et al., PRB(R) 83, 180410 (2011) 89



Example : STT-induced switching by STXM

t:50pS Preset t=0ps
. Ll ™ S - ?i:is“o’ :l‘:’

Excitation : Current pulsed at t=0ps

Micromagnetic simulation
(Scheinfein code)

D.P. Bernstein et al., PRB(R) 83, 180410 (2011) 90



Example : STT-induced switching by STXM

t:250p5 Preset t=0ps t =50 ps

as > q;A‘f'. ‘I' J
- S - -\

Excitation : Current pulsed at t=0ps

Micromagnetic simulation

Zresct 150 ps
(Scheinfein code) Irese
250 ps | 550 ps 1200 ps

D.P. Bernstein et al., PRB(R) 83, 180410 (2011) 91



Example : STT-induced switching by STXM

t:550p5 Preset t=0ps t =50 ps

S ?i_;‘s“'. :IJ
- — - -

Excitation : Current pulsed at t=0ps

Micromagnetic simulation
(Scheinfein code)

D.P. Bernstein et al., PRB(R) 83, 180410 (2011) 92



Example : STT-induced switching by STXM

t:1000ps Preset t=0ps t =50 ps

Excitation : Current pulsed at t=0ps

Preset 150 ps

Micromagnetic simulation
(Scheinfein code)

250 ps 550 ps 1200 ps

D.P. Bernstein et al., PRB(R) 83, 180410 (2011) 93



X-ray microscopy : criteria

What is measured? /

-

uJ
uJ
uJ

Magnetization component
Elemental resolution

Direct

Quantitative

Which specifications?

-

C C C C

Magnetization: 1D, 2D/
Depth resolution: surface/volume/

| ateral resolution 25 nrrJ

Sensitivity: <single layer /
Time/Spectral resolution /

Environmental conditions

o Tem perature/

Field: magnetic field (not PEEM)/
Electric current, light etc./

Strain/

Additional measuring techniques

L C C C

Versatility

) No sample preparation

< Time per measurement: s —min

“Insitu

Synchrotron radiation
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Magnetic measurement : Summary eff

e-ESM, an online
higher-education Magnetism event

|. Few preliminary details about the sample environment
mmm) Magnetic field, Temperature

[1. Static macroscopic magnetometry technigues
mmm) VSM, SQUID, Torque, MOKE, XMCD

I11. AC macroscopic magnetometry techniques

mmm) AC susceptometry

V. Imaging techniques
mmm) Scanning probe microscopies, Photon-out

CONCLUSION :
Know your tool box and you will find the rigth toolS to answer your need
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Magnetometers are not only lab tools

Here | focused on material characterization in lab but magnetometers can be used in many ways

Hélium liquide

(1) Lactivité cérébrale
produit de trés
faibles champs
magnétiques induits
par la circulation du
courant le long
des axones.

/ 4 [ : | .‘._;' :;‘
} TN E¥e¥y -
/- R
@ Les squids (magnétomeétre) 4 &7

placés sur le cuir chevelu,
captent a travers leurs

" Medecine

bobines ces champs
magnétiques.
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97



